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(57) Abstract 

An intelligent sheet metal bending system is disclosed, having a cooperative generative planning system. A planning module interacts 
with several expert modules to develop a bending plan. The planning module utilizes a state-space search algorithm. Computerized methods 
are provided for selecting a robot gripper and a repo gripper. and for determining the optimal placement of such grippers as they are holdine 
a workpiece being formed by the bending apparatus. Computerized methods are provided for selecting tooling to be used by the bendine 
apparatus, and for determining a tooling stage layout An operations planning method is provided which allows the bending apparatus to 
be set up concurrently while time-consuming calculations, such as motion planning, are performed. An additional method or system is 
PIT^J? pos,nonin « t0 ° lm 8 «*» by using a backgage guide member which guides placement of a toeing stage along the die rail 
'of the bending apparatus. A method is provided for learning motion control offset values, and for eliminating the need for superfluous 
sensor-based control operations once the motion control offset values are known. The planning system may be used for facilitating functions 
such as design and assembly system, which may perform designing, costing, scheduling and/or manufacture and assembly 
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DESCRIPTION 

INTELLIGENT SYSTEM FOR GENERATING 
AND EXECUTING A SHEET METAL BENDING PLAN 

5 BACKGROUND OF THE INVENTION 

1. r.npvrjaht Notice 

A portion of the disclosure of this patent document 
contains material which is subject to copyright protection. 
The copyright owner has no objection to the facsimile 
io reproduction by anyone of the patent disclosure, as it appears 
in the Patent and Trademark Office patent files or records, 
but otherwise reserves all copyright rights whatsoever. 

2. Rftlat»rt Application Data 

The present disclosure is related to the disclosures 
IE provided in the following U.S. applications filed on even date 
herewith: "Method for Planning/Controlling Robot Motion," 
filed in the names of David Alan Bourne et al. (U.S. Patent 
Application No. 08/338, 115) ; "Methods for Backgaging and 
Sensor-Based Control of Bending Operations," filed in the 
20 names of David Alan Bourne et al. (U.S. Patent Application 
No. 08/385, 829) ; and "Fingerpad Force Sensing System," filed in 
the names of Anne M. Murray et al. (U.S. Patent Application 
No. 08/338, 095) . 

3. Field of the Invention 

25 The present invention is directed to methods and 

subsystems which may be provided in an intelligent bent sheet 
metal designing, planning and manufacturing system and the 
like. 

4. Discission of Background Information 

30 Figs. 1-3 illustrate, in a simplified view, an example 

conventional bending workstation 10 for bending a sheet metal 
part (workpiece) 16 under the control of a manually created 
program downloaded to various control devices provided within 
the workstation. The illustrated bending workstation 10 is a 
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BM100 Amada workstation. 

(a) The Hardware and Its Operation 

Fig. 1 shows an overall simplified view of bending 
workstation 10. Fig. 2 shows a partial view of a press brake 
5 29, positioned to perform a bend on a workpiece 16. The 
elements shown in Fig. 2 include a robot arm 12 having a robot 
arm gripper 14 grasping a workpiece 16, a punch 18 being held 
by a punch holder 20, and a die 19 which is placed on a die 
rail 22. A backgage mechanism 24 is illustrated to the left 
10 of punch 18 and die 19. 

As shown in Fig. 1, bending workstation 10 includes four 
significant mechanical components: a press brake 29 for 
bending workpiece 16/ a five degree-of- freedom (5 DOF) robotic 
manipulator (robot) 12 for handling and positioning workpiece 
15 16 within press brake 29; a material loader/unloader (L/UL) 30 
for loading and positioning a blank workpiece at a location 
for robot 12 to grab, and for unloading finished workpieces; 
and a repositioning gripper 32 for holding workpiece 16 while 
robot 12 changes its grasp. 
20 Press brake 29 includes several components as 

illustrated in Figs. 1-3. Viewing Fig. 3, press brake 29 
includes at least one die 19 which is placed on a die rail 22, 
and at least one corresponding punch tool 18 which is held by 
a punch tool holder 20. Press brake 29 further includes a 
25 backgage mechanism 24. 

As shown in Fig. 2, robot arm 12 includes a robot arm 
gripper 14 which is used to grasp workpiece 16. As shown in 
Fig. 1, material loader/unloader 30 includes several suction 
cups 31 which create an upwardly directed suction force for 
30 lifting a sheet metal workpiece 16, thereby allowing L/UL 30 
to pass workpiece 16 to gripper 14 of robot 12, and to 
subsequently retrieve a finished workpiece 16 from gripper 14 
and unload the finished workpiece. 

In operation, loader/unloader (L/UL) 30 will lift a 
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blank workpiece 16 from a receptacle (not shown) , and will 
raise and move workpiece 16 to a position to be grabbed by 
gripper 14 of robot 12. Robot 12 then maneuvers itself to a 
position corresponding to a particular bending stage located 
5 within bending workstation 10. Referring to each of Figs. 1 
and 3, stage 1 comprises the stage at the leftmost portion of 
press brake 29, and stage 2 is located to the right of stage 1 

along die rail 22. 

If the first bend is to be made at stage 1, robot 12 

10 will move workpiece 16 to stage 1, and as shown in Fig. 2, 
will maneuver workpiece 16 within press brake 29, at a 
location between punch tool 18 and die 19, until it reaches 
and touches a backstop portion of backgage mechanism 24. With 
the aid of backgage mechanism 24, the position of workpiece 16 

is is adjusted by robot arm 12. Then, a bend operation is 
performed on workpiece 16 at stage 1. In performing the bend 
operation, die rail 22 moves upward (along a D axis) , as 
indicated by the directional arrow A in Fig. 2. As punch tool 
18 and die 19 simultaneously contact workpiece 16, so that 

20 workpiece 16 assumes a relatively stable position within press 
brake 29, gripper 14 will release its grasp on workpiece 16, 
and robot 12 will move gripper 14 away from workpiece 16. 
Press brake 29 will then complete its bending of workpiece 16, 
by completing the upward movement of die 19 until the proper 

25 bend has been formed. 

Once die 19 is engaged against punch tool 18, holding 
workpiece 16 in its bent state, before disengaging die 19 by 
lowering press brake 29, robot arm 12 will reposition its 
robot arm gripper 14 to hold workpiece 16. Once gripper 14 is 

30 holding workpiece 16, die 19 will be disengaged by releasing 
press brake 29. Robot 12 then maneuvers and repositions 
workpiece - 16 in order to perform the next bend in the 
particular bend sequence that has been programmed for 
workpiece 16. The next bend within the bend sequence may be 
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performed either at the same stage, or at a different stage, 
such as stage 2, depending upon the type of bends to be 
performed, and the tooling provided within press brake 29. 

Depending upon the next bend to be performed, and the 
5 configuration of workpiece 16, the gripping position of 
gripper 14 may need to be repositioned- Repositioning gripper 
32, shown in Fig. 1/ is provided for this purpose. Before 
performing the next bend, for which repositioning of robot 
gripper 14 is needed, workpiece 16 will be moved by robot 12 
10 to repositioning gripper 32. Repositioning gripper 32 will 
then grasp workpiece 16 so that robot gripper 14 can regrip 
workpiece 16 at a location appropriate for the next bend or 
sequence of bends. 

(b) The Control System 

15 The bending workstation 10 illustrated in Fig. 1 is 

controlled by several control devices which are housed 
separately, including an MM20-CAPS interface 40, a press brake 
controller 42, a robot controller 44, and a load/unload unit 
controller 46. Press brake controller 42 comprises an NC9R 

20 press brake controller, and robot controller 44 comprises a 
25B robot controller, which are each supplied by Amada. Each 
of press brake controller 42 and robot controller 44 have 
their own CPU and programming environments. Load/unload unit 
controller 46 comprises a stand alone Programmable Logic 

25 Controller (PLC) / and is wired to respective consoles provided 
for press brake controller 42 and robot controller 44. 

Each of controllers 42, 44, and 46 has a different style 
bus, architecture, and manufacturer. They are coordinated 
primarily by parallel I/O signals. Serial interfaces are 

30 provided for transporting bending and robot programs to the 
controllers, each of which is programmed in a different manner. 
For example, logic diagrams are used to program the PLC of the 
load/unload controller 46, and RML is used to program robot 
controller 44. 
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(c) ThP nPsirm/Mamifaetaire Process 

The overall design/manufacture process for bending sheet 
metal includes several steps. First, a part to be produced is 
typically designed using an appropriate CAD system. Then, a 
5 plan is generated which defines the tooling to be used and a 
sequence of bends to be performed. Once the needed tooling is 
determined, an operator will begin to set up the bending 
workstation. After the workstation is set up, the plan is 
executed, i.e., a workpiece is loaded and operation of the 

10 bending workstation is controlled to execute the complete 
sequence of bends on a blank sheet metal workpiece. The 
results of the initial runs of the bending workstation are 
then fed back to the design step, where appropriate 
modifications may be made in the design of the part in view of 

is the actual operation of the system. 

In the planning step, a plan is developed for bending 
workstation 10 in order to configure the system to perform a 
sequence of bending operations. Needed hardware must be 
selected, including appropriate dies, punch tools, grippers, 

20 and so on. In addition, the bending sequence must be 
determined, which includes the ordering and selection of bends 
to be performed by bending workstation 10. In selecting the 
hardware, and in determining the bending sequence, along with 
other parameters, software will be generated to operate 

25 bending workstation 10, so that bending workstation 10 can 
automatically perform various operations of the bending 
process. 

A plan for a BM100 bending workstation includes 
generated software such as an NC9R press brake program and a 
30 25B RML robot program. Each of these programs may be created 
with the use of an initial part design created from a CAD 
system. Both the robot program and the bending program must 
be developed manually, and are quite labor-intensive. 
Previously developed programs are classified by the number of 
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bends and/or by the directions of the bends. Engineers 
examine each part style to determine if previously developed 
and classified programs may be used or whether a new program 
must be written. However, since each classified program 
5 typically supports only a narrow range of acceptable part 
dimensions, new programs must frequently be written by the 
engineers. The final RML robot program, when complete, is 
compiled and downloaded by the MM20-CAPS system 40 to robot 
controller 44. The bending program is entered and debugged on 
10 a control pendant provided on press brake controller 42. 
After entering the robot and bending programs into the system, 
an operator performs several manual operations to walk the 
system through the several operations to be performed. For 
example, an operator will manually operate a hand-held pendant 
is of the robot controller to manually move the robot to the 
loading and unloading positions, after which the interface 
console 40 will store the appropriate locations into the final 
RML program to be compiled and downloaded to robot controller 
44. In addition, in producing the bending program, the 
20 operator may control the system to follow the planned bend 
sequence, in order to determine the values for the backgage 
position (L axis) and the die rail position (D axis) . 
(d) Intelligent Manufacturing Workstations 
Various proposals have been made in order to overcome 
25 many of the drawbacks with prior systems such as the BM100 
Amada bending workstation, and research has been conducted in 
the area of intelligent manufacturing workstations. Some 
proposed features of intelligent sheet metal bending 
workstations included features such as open architecture, 
30 including open system configurations and distributed decision 
making, and enhanced computer aided design and geometric 
modeling systems. 

A paper entitled "Intelligent Manufacturing 
Workstations" was presented at the 1992 ASME Winter Annual 



6 



WO 96/15481 



PCT/JP9S/02291 



Meeting regarding Knowledge-Based Automation of Processes on 
November 13, 1992 by David Alan Bourne; the content of the 
Paper is expressly incorporated herein by reference in its 
entirety. In the Paper, an intelligent manufacturing 
5 workstation is defined as a self-contained system that takes a 
new design for a part and manufactures it automatically. The 
process is stated to include automated setup, part programming, 
control, and feedback to design. 

The Paper discusses several components of an overall 
10 intelligent manufacturing workstation, including features such 
as open architecture, the use of software modules that 
communicate via a query-based language, part design, 
operations planning, workstation control, and geometric 

modeling. 

15 (1) rvnpn architecture 

It has been recognized that an effective intelligent 
manufacturing workstation should have open software, open 
controller and open mechanism architecture. That is, a 
machine tool user operating such a workstation should be able 

20 to add onto the software, the controller, and the mechanism 
architectures of the workstation in order to improve their 
functions . 

(2) Software Modules Usinn Onerv-fta<»ri Language 
Software modules have been suggested, in the above-noted 

25 paper by David Bourne, for use in an intelligent manufacturing 
workstation. Such modules would be split along knowledge 
boundaries which have been defined in industrial practice, 
including, e.g., tooling, operations, programming, planning 
and design. The software modules would be responsible for 

30 understanding commands and data specifications, and for 
answering questions in their own area of specialty. A 
particular module might be configured to request information 
from other modules so that it has adequate information to 
solve its designated problems, to communicate in a standard 
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language, and to work on several problems at once. In 
addition, each module would know which other module to ask for 
information and provide assistance in formulating a question 
for the receiving module- The general software architecture 
proposed in the above-noted Paper is illustrated in Fig. 4. 
The proposed architecture includes a designer 50, a bend 
sequence planner 52, a module 54 for sequence planning, 
execution and error handling, a modeler 56, a module 58 for 
sensor interpretation, and modules 60, 62 for process control 
and holding, and fixturing. Each of the modules for sensor 
interpretation 58, process control 60, and holding and 
fixturing 62 are coupled to external machine and sensor drives 
64. A control subsystem 68 is formed by several of the 
modules, including sequence planning, execution and error 
handling module 54, modeler 56, and the modules for sensor 
interpretation 58, process control 60 and holding and 
fixturing 62. Control subsystem 68 is shown as being 
implemented within a Chimera operating system. All of the 
modules may be connected to other factory systems 66, 
including, e.g., systems for scheduling, operations, and 
process planning. 

(3) Desicm Tools 

Experimentation has been conducted with design tools 
that constantly manage the relationship between a stock part 
and a final part as it is applied to sheet metal bending, as 
noted in the above-referenced Paper, and as disclosed by C. 
Wang in "A Parallel Designer for Sheet Metal Parts, " 
Mechanical Engineering Master's Report, Carnegie Mellon (1992), 
the content of which is expressly incorporated herein by 
reference in its entirety. The design information, which may 
be described in 3D, or as a 2D flat pattern, is automatically 
maintained (in parallel) with another representation of the 
developing part. In this way, a connection between each of 
the features of the initial stock part and the final part is 
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maintained. 

(4) The Planning System 

Once the design is complete, a planner typically then 
produces a plan which will later be used to execute the 
manufacturing process. The plan includes several instructions 
regarding the sequencing of machine operations to produce the 
desired part. An optimal plan will result in a reduction of 
setup time, a reduction in the existence of scrap after 
production of the parts, an increase in part quality, and an 
increase in production rate. To promulgate such advantages, 
the above-noted Paper recommends that as much specific 
knowledge as possible be separated from the planner so that 
the planner can be easily adapted to different machines and 
processes. A "query-based" planning system is thus proposed 
which shifts the emphasis of the planner to asking expert 
questions , rather than attempting to act as a self-contained 
expert . 

(5) workstation Control 

The above-noted Paper proposes that the controller use 
an off-the-shelf engineering UNIX workstation as the core 
computing resource. The workstation may include in its back- 
plane an extension rack of special-purpose boards and an 
additional CPU that runs with a real-time version of the UNIX 
operating system, called CHIMERA-II . See, e.g., STEWART et 
al., Robotics Institute Technical Report, entitled "CHIMERA 
II: A Real-Time UNIX-Compatible Multiprocessor Operating 
System for Sensor Based Control Applications," Carnegie Mellon, 
CMU-RI-TR-89-24 (1989), the content of which is expressly 
incorporated by reference herein in its entirety. 

(6) geometric Modeling 

Geometric modeling is an * important component in 
intelligent machining workstations. Several modelers have 
been experimented with during a project in the Robotics 
Institute at Carnegie Mellon University. A geometric modeler 
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called "NOODLES" has been proposed for use as a modeler in an 
intelligent manufacturing workstation. The NOODLES modeler is 
discussed by GURSOZ et al., in "Boolean Set operations on non- 
manifold boundary representation objects," in Computer Aided 
5 Design , Butterworth-Heinenmann LTD., Vol. 23, No. 1, January, 
1991, the content of which expressly incorporated by reference 
herein in its entirety. The NOODLES system makes far fewer 
assumptions about what constitutes valid edge topologies, and 
thus overcomes problems with other modeling systems, which 
10 would enter into infinite loops when the edge topology of a 
geometric model would violate system assumptions. 

5. T»rm Definitions 

For purposes of clarification, and to assist readers in 
an understanding of the present invention, the following terms 
15 and acronyms used herein are defined. 

bonding apparatus/bending workstation - a workstation or 
apparatus for performing modem sheet metal working functions, 
including bend operations. 

bending sheets of malleable material - working of sheets 
20 of malleable material, such as sheet metal, including, and not 
limited to, up-action air bending, V bending, R bending, 
hemming, seaming, coining, bottoming, forming, wiping, folding 
type bending/ custom bending, and so on. 

operations plan - a sequence of operations to be 
25 performed by a part forming apparatus in order to form a 
finished part from a piece of unfinished material. In the 
context of bend sequence planning/ an operations plan (bend 
sequence plan) comprises a sequence of operations to be 
performed by a bending apparatus for bending workpieces 
30 comprising sheets of malleable material, the sequence of 
operations including a bend sequence which includes all of the 
bends needed to form a finished bent workpiece. 

subplan - a portion of a complete operations plan. In 
the context of bend sequence planning/ a subplan comprises a 
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part of the information needed to set up and/or control a 
bending workstation/apparatus . 

SUMMARY OF TTTC INVENTION 

In view of the above, the present invention, through one 
5 or more of its various aspects and/or embodiments, is thus 
presented to bring about one or more objects and advantages, 
such as those noted below. 

Generally speaking, it is an object of the present 
invention to provide an intelligent bending workstation 

10 environment/system which may be easily upgraded and integrated 
with additional or alternate hardware and software modules. A 
further object is to provide such a system which can be used 
to economically produce very small batch sizes (of one or more 
workpieces) with high quality, and in a short amount of time. 

is In addition, an object is to provide such a system that is 
flexible and that is able to accommodate new and different 
part styles in the design and manufacture process. The system 
of the present invention is intended to operate efficiently in 
large volume production, and to learn from initial production 

20 runs in order to maximize efficiency. 

An additional object of the invention is to maintain 
quality of the produced parts throughout the process, and to 
avoid errors and collisions during execution of the process by 
the bending workstation. It is a further object of the 

25 present invention to provide an intelligent sheet metal 
bending workstation which makes small batches of sheet metal 
parts from CAD descriptions. In this regard, a process 
planner is provided that selects the necessary hardware (e.g., 
dies, punches, grippers, sensors) to be utilized by the 

30 bending workstation, determines bending sequences, and 
generates the necessary software ' to operate the bending 
machine. 

It is a further object of the present invention to 
provide such an intelligent, automated bending workstation 
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which first generates a process plan and then executes the 
generated plan using a real-time sensor-based control method. 
When the process is executed, the results thereof may be 
recorded for later review, so that the process may be refined 
5 to make it more efficient, and to reduce the occurrence of 
errors during execution. 

An additional object of the present invention is to 
provide a system which can produce a plan for bending a sheet 
metal workpiece, in which the smallest number of tooling 

10 stages will be utilized to make the part. A further object is 
to provide a system that will efficiently and automatically 
produce the plan to be utilized by the bending workstation, 
set up the workstation, and execute the plan. 

The present invention, therefore, is directed to several 

is systems , methods and sub- components provided in connection 
with a system for generating a plan which comprises a sequence 
of operations to be performed by a bending apparatus for 
bending workpieces comprising sheets of malleable material. 
The bending apparatus has a gripper for gripping a workpiece 

20 while performing a bend, and the sequence of operation 
includes a set of N bends for forming a finished workpiece 
from a stock sheet of malleable material. The system includes 
a proposing mechanism for proposing, for an mth operation 
within the sequence of operations, a plurality of proposed 

25 operations including a plurality of proposed bends to be 
performed by the apparatus. In addition, the system includes 
a subplan mechanism for providing a proposed subplan that 
accompanies each proposed bend, and a generating mechanism for 
generating a plan including a sequence of bends from a first 

30 bend through an Nth bend, by choosing each bend in the 
sequence of operations based upon the proposed bends and the 
proposed subplan that accompanies each proposed bend. 

The proposing mechanism may be designed so that it 
proposes bends among the complete set of N bends that are 
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still remaining, or proposes bends among the complete set of 
bends that are still remaining less bends blocked due to 
constraints. In addition, the proposing mechanism may propose, 
for an mth operation, a repositioning of a gripper 1 s hold on 
5 the workpiece. 

In accordance with a specific aspect of the invention, 
the generated plan further includes at least part of the 
proposed subplans that accompany the chosen bends. The system 
may further include a mechanism for representing the mth 

10 operation as an mth level of a search tree- The proposed 
subplans may include setup and control information for the 
bending apparatus, and may further comprise final locations on 
the workpiece at which the gripper will grip the workpiece 
while performing the bends of the bend sequence. The proposed 

is subplans may further include ranges of locations on the 
workpiece at which the gripper can grip the workpiece while 
performing the bends of the bend sequence. In addition, the 
proposed subplans may comprise: numbers representing a 
predicted number of repositionings of the gripper needed to 

20 complete the sequence of bends, indications that the next bend 
in the sequence cannot be performed unless the gripper is 
first repositioned, and/or locations on the workpiece at which 
a repositioning gripper {i.e., a repo gripper) will grip the 
workpiece while performing a repositioning operation. 

25 Additionally, the proposed subplans may include: tooling 
stages to be utilized to perform the bends in the bend 
sequence, positions along a tooling stage at which the 
workpiece will be loaded into the bending apparatus in order 
to perform the bends, and/or motion plans for maneuvering 

30 around tooling stages in performing the bends. 

In accordance with a further "aspect of the system, an 
estimating device is provided for estimating a cost to be 
associated with each proposed bend. In this regard, the 
generating mechanism may generate a plan including a sequence 
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of bends from a first through an Nth bend, by choosing each 
bend in the sequence of operations based upon the proposed 
bend, the proposed subplan that accompanies each proposed bend, 
and the estimated costs associated with each proposed bend. 
5 The estimated costs associated with an nth bend in the 
sequence of N bends may comprise a k cost calculated based 
upon an estimated amount of time it will take the bending 
apparatus to complete one or more operations of the bend. The 
estimated costs associated with an nth bend in a sequence of N 
10 bends may comprise an h cost calculated based upon an 
estimated total amount of time it will take the bending 
apparatus to complete one or more operations of each of the 
rest of the bends in the bend sequence that follow the nth 
bend. 

15 The one or more operations of the bend which will be 

timed in order to calculate the k and h costs may comprise 
moving the workpiece from a tooling stage location of a 
preceding bend to a tooling stage location of the given bend. 
The one or more operations of a given bend may also comprise 

20 installing, when setting up the bending apparatus, an 
additional tooling stage needed to perform the given bend. 
The one or more operations of a given bend may also comprise 
repositioning of the gripper's hold on the workpiece before 
performing the given bend. 

25 In accordance with a further aspect of the present 

invention, the proposing mechanism and the generating 
mechanism collectively comprise a bend sequence planning 
module, and the subplan mechanism and the estimating mechanism 
collectively comprise a plurality of expert modules. The 

30 expert modules may each operate the subplan mechanism and the 
estimating mechanism when the proposing mechanism proposes a 
proposed operation for performance as the mth operation within 
the sequence of operations. The plurality of expert modules 
may comprise a holding expert module which is capable of 
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operating the subplan mechanism to provide a proposed subplan, 
including information regarding a location on the workpiece at 
which the gripper can hold the workpiece while performing the 
bends of the bend sequence. The plurality of expert modules 
5 may comprise a holding expert module which is capable of 
operating the estimating mechanism to estimate a holding cost, 
calculated based upon whether a gripper f s hold on the 
workpiece is to be repositioned before performing a given bend- 
In addition/ the plurality of expert modules may comprise a 

10 tooling expert module which is capable of operating the 
subplan mechanism to provide a proposed tooling subplan that 
includes information regarding a position along a tooling 
stage at which the workpiece will be loaded into the bending 
apparatus in order to perform a given bend. The tooling 

15 expert may also be capable of operating the estimating 
mechanism to estimate a cost based upon an amount of time to 
install, when setting up the bending apparatus, an additional 
tooling stage needed to perform a given bend. The motion 
expert module may also be capable of operating the estimating 

20 mechanism to estimate a cost based upon a calculated travel 
time for moving the workpiece from a tooling stage location of 
one bend to a tooling stage location of a next bend. 

In accordance with an additional aspect of the invention, 
the bend sequence planning module may be capable of querying 

25 each of the expert modules for a subplan and estimated costs. 
In addition, each of the expert modules may be capable of 
responding to a query by returning a savelist to the bend 
sequence planning module, whereby the savelist includes a list 
of names of attributes, and values respectively corresponding 

30 to the attributes, to be saved by the bend sequence planning 
module. 

As a further aspect of the invention, the system 
includes a prioritizing mechanism for prioritizing proposed 
bends in accordance with bend heuristics determined based upon 
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the geometry of the workpiece. The generating mechanism may 
generate a plan, including a sequence of bends from a first 
through an Mth bend, by choosing each bend in the sequence of 
operations based upon the prioritized proposed bends and the 
5 proposed subplan that accompanies each proposed bend. The 
prioritizing mechanism may be provided with a mechanism for 
discounting an estimated cost of a bend having a high priority 
and increasing an estimated cost for a bend having a low 
priority. 

10 In accordance with a further aspect of the invention, a 

determining mechanism may be provided for determining the time 
needed for, and the feasibility of, producing one or more 
parts with the bending apparatus based upon the generated plan. 
In addition, the system may be provided with a mechanism for 
15 performing calculations of the costs of producing a given 
batch of parts, based upon the time determined by the 
determining mechanism. In addition, or in the alternative, 
the system may be provided with a mechanism for redesigning 
the part based upon the time and the feasibility 
20 determinations made by the determining mechanism. The system 
may be further provided with a mechanism for scheduling 
manufacturing with the bending apparatus depending upon the 
determined amount of time for producing one or more parts. 

In addition to the above-described system, the present 
25 invention is further directed to a computerized method for 
selecting a gripper for holding a workpiece. The gripper is 
selected for use in a bending apparatus for bending unfinished 
workpieces comprising sheets of malleable material. The 
method includes reading information describing the geometry of 
30 a library of grippers to be chosen from, forming a set of 
available grippers excluding grippers that have certain 
undesired geometric features, and choosing a gripper from a 
set of available grippers. The gripper is chosen as a 
function of the width of the gripper, the length of the 
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gripper, and the knuckle height of the gripper. The gripper 
may include a gripper for holding the workpiece while loading 
and unloading the workpiece into and from a die space of the 
bending apparatus. In this regard, the method may include a 
s step of predicting, for each gripper within the set of 
available grippers, a repo number equal to an estimated number 
of times the' bending apparatus will need to change the 
position at which the gripper is holding the workpiece in 
order to perform a complete sequence of bending operations on 

10 the workpiece. The smallest predicted repo number is then 
determined, and the set of available grippers is adjusted to 
include the available grippers having a repo number equal to 
the smallest predicted repo number, before choosing (from 
among the set of available grippers). a gripper as a function 

is of the gripper' s width, length, and knuckle height. 

The gripper may alternatively comprise a repo gripper 
for holding the workpiece while a robot changes its grip on 
the workpiece. In this regard, the method may be further 
provided with a step of constructing data representations of 

20 the respective intermediate shapes of the workpiece when repo 
operations are to be performed by the bending apparatus, and 
utilizing the intermediate shapes to determine which grippers 
are excluded from the set of available grippers. The grippers 
that cannot securely grasp the workpiece, considering all of 

25 the constructed intermediate shape representations, are 
excluded from the set of available grippers. 

In addition to the above-described system and method, 
the present invention is further directed to a computerized 
method for determining a location at which a gripper can hold 

30 a malleable sheet workpiece while a bending apparatus performs 
an mth operation on the workpiece. The bending apparatus 
performs a sequence of operations, including the mth operation, 
in accordance with a bending plan. The sequence of operations 
includes a sequence of bends from a first bend through an Nth 
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bend, and the shape of the workpiece changes to several 
intermediate shapes as the bending apparatus progresses 
through the sequence of bends. A set of topographic 
representations is formed by repeatedly generating, along 
5 edges of the workpiece, as a variable i is varied, a graphic 
representation of areas on the workpiece within which the 
gripper location can be without hindering performance of an 
ith operation. A determination is made as to whether or not 
the performance of the ith operation will be hindered by 

10 taking into consideration the intermediate shape of the 
workpiece when the ith operation is performed. The method 
further includes the step of determining the intersection of 
all the geographic representations within the set to thereby 
determine the areas common to the given plurality of 

15 operations in the sequence of operations. The mth operation 
may include changing a robot's grip on the workpiece between 
bends in the sequence of bends, and/or performing a bend 
within the sequence of bends. 

In addition to the above, the present invention may be 

20 directed to a computerized method for selecting tooling to be 
used in a bending apparatus for bending a workpiece comprising 
a sheet of malleable material. The tooling includes at least 
a die and a punch, and the bending apparatus performs, 
utilizing the selected tooling, a sequence of operations 

25 comprising a sequence of bends from a first bend through an 
Nth bend. The method comprises steps of reading information 
describing in the geometry of dies and punches, and forming 
sets of feasible dies and punches excluding dies and punches 
that have an insufficient force capacity to bend the workpiece 

30 and that are incapable of forming desired bends in the 
workpiece resulting in desired angl&s and desired inside radii. 
In addition, the method includes a step of choosing an 
appropriate die and appropriate punch that most closely- 
satisfies force, bend angle, and inside radii requirements, 
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excluding punches that will likely collide with the workpiece 
as determined by failure of a geometric collision test. 

The geometric collision test may be performed by 
modeling a finished 3D workpiece and, for each bend in the 
5 sequence of bends, aligning the modeled finished 3D workpiece 
between a model of each feasible punch and a model of a chosen 
die. 

In addition to the above, the present invention may be 
directed to a computerized method for determining a layout of 

10 tooling stages along a die rail of a bending apparatus. The 
bending apparatus is adapted to bend workpieces comprising 
sheets of malleable material, by performing a sequence of 
operations comprising a sequence of bends from a first bend 
through an Nth bend. The method includes a step of deciding 

is on an arrangement of a plurality of stages along the die rail 
and calculating lateral limits based upon the amount by which 
the workpiece extends beyond a side edge of a tooling stage 
for the bends of the sequence of bends. In addition, the 
method includes determining a largest lateral limit for each 

20 side of the stage, and spacing adjacently arranged stages to 
have a gap between adjacent side edges that is greater than or 
equal to the larger of the determined largest lateral limits 
of the adjacent side edges. 

In addition to the above-described system and methods, 

25 the present invention may be directed to a system for 
generating a plan and for controlling a bending apparatus. As 
described above, the plan comprises a sequence of operations 
to be performed by the bending apparatus, and the bending 
apparatus is adapted to bend workpieces comprising sheets of 

30 malleable material. The sequence of operations includes a 
sequence of bends, from a first through an Nth bend, for 
forming a finished workpiece from a stock sheet of malleable 
material. The system includes a setup planning mechanism for 
generating the sequence of bends and a setup subplan that 
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includes information regarding the manner in which the bending 
apparatus is to be set up before commencing the first bend in 
the sequence of bends. In addition, the system includes a 
forwarding mechanism for forwarding the setup subplan, once 
5 generated, to a signalling device for signalling commencement 
of setup operations to be performed in accordance with the 
setup subplan. A finalize mechanism is further provided for 
generating detailed subplan information to complete the plan 
after the setup subplan has been generated. At least part of 

10 the detailed subplan information is generated after the 
commencement of setup operations has been signalled by the 
signalling device. The setup subplan may include one or more 
of the following types of information: information regarding 
the layout of tooling stages; information regarding tooling 

is die and punch profiles to be utilized in the bending 
apparatus; positions of tooling stages along a die rail of the 
bending apparatus; information regarding what type of gripper 
to use for manipulating the workpiece through the bend 
sequence; and information regarding what type of repo gripper 

20 to use for holding the workpiece while a gripper changes its 
grasp on the workpiece in between bends of the bend sequence. 

The forwarding device may include a device for 
forwarding instructions to a sequencer module which directs 
performance of automated setup operations on the bending 

25 apparatus. In addition, or in the alternative, the forwarding 
device may also, or in the alternative, create a visual 
representation of setup operations to be performed on the 
bending apparatus so that a human operator can thereby perform 
the setup operations. 

30 in addition to the above-described systems and methods, 

the present invention may be directed to a system for 
performing setup operations on a bending apparatus so that the 
bending apparatus can be utilized to perform bending 
operations on workpieces comprising sheets of malleable 
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material. The bending apparatus includes a die, a tool punch 
holding mechanism, and one or more tooling stages . Each 
tooling stage includes a die mounted on the die rail and a 
tool punch held by the punch holding mechanism. The system 
5 further includes a mechanism for receiving information 
regarding a location of each of the one or more tooling stages 
along the die rail, and a control mechanism for controlling a 
position of a guide member along at least one of a die rail 
and the tool punch holding mechanism based upon the received 
10 information so that at least one of the die and the tool punch 
can be aligned with reference to the guide member and so that 
the resulting tooling stage will be at a desired location 
along the die rail. 

The control mechanism may be capable of positioning the 
15 guide member to be at a specified position along the die rail 
and to be within a certain distance from the die rail, whereby 
a die of a tooling stage to be aligned can be abutted against 
the guide member in order to properly position the tooling 
stage along the die rail. The guide member may include a 
20 backgage finger of a mechanism for performing backgaging when 
loading a workpiece into the bending apparatus. 

In addition to the above-described systems and methods, 
the present invention may be directed to a system for 
executing a plan for controlling a bending apparatus for 
25 bending workpieces comprising sheets of malleable material. 
The plan includes a sequence of operations to be performed by 
the bending apparatus. A sensor-based control mechanism is 
provided for performing an operation, including moving a 
workpiece from one position to another, with the bending 
30 apparatus utilizing a sensor output to modify the movements of 
the workpiece. A measuring device measures an amount by which 
the movement of the workpiece was modified due to the sensor 
output, and a learned control mechanism performs the operation, 
including moving the workpiece from one position to another, 
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without modifying the movement of the workpiece utilizing a 
sensor output. The learned control mechanism controls 
performance of the operation based upon the amount measured by 
the measuring device. 
5 The above-listed and other objects/ features, and 

advantages of the present invention will be more fully set 
forth hereinafter. 

10 BRIEF DESCR IPTION OF THE DRAWINGS 

The present invention is further described in the 
detailed description which follows, by reference to the noted 
plurality of drawings by way of non- limiting examples of 
illustrative embodiments of the present invention, in which 
15 like reference numerals represent similar parts throughout the 
several views of the drawings, and wherein: 

Fig. 1 illustrates a prior art bending workstation; 

Fig. 2 illustrates part of a side view of a prior art 
bend press; 

20 Fig. 3 illustrates a partial front view of a prior art 

bend press; 

Fig. 4 illustrates a prior art bend planning and control 
system; 

Fig. 5A illustrates a bend planning and control system 
25 provided in accordance with an illustrated embodiment of the 
present invention; 

Fig. 5B illustrates a stage setup controlling system; 

Fig. 5C illustrates a top view of a die rail with a 
stage setup operation being performed thereon; 
30 Fig. 6 illustrates a bend planning and control system 

with a detailed diagram of control system 75 as illustrated in 
Fig. 5A; 

Fig. 7 illustrates a high level flow chart of an overall 
planning process to be performed by the illustrated planning 
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system; 

Fig. 8 illustrates a flat workpiece provided for 
purposes of describing labeled geometric bend-related 
features; 

5 Fig. 9 illustrates a flat workpiece and a corresponding 

search tree; 

Fig. 10 illustrates a thickness transformation of a 
single workpiece; 

Fig. 11 illustrates a thickness transformation of an 
10 assembly of workpieces; 

Fig. 12 illustrates a geometric modeling file structure 
with and without a thickness transformation; 

Fig. 13A illustrates a plurality of functions of a 
design system for intelligent bend planning; 
15 Fig. 13B illustrates a part modeler for modeling parts 

based upon a design system's output shape file; 

Fig. 13C and Fig. 13D respectively illustrate a 2D 
representation and a 3D representation of a workpiece; 

Figs. 14A-14E illustrate an example graphic user 
20 interface of the CAD system provided in the illustrated 
embodiment, and the steps of designing a part utilizing such a 
graphic interface; 

Fig. 15A illustrates a side view of a bent workpiece 
with thickness; 

25 Fig. 15B illustrates a top view of an undeveloped flat 

2D workpiece representation; 

Fig. 15C illustrates a top view of a developed flat 2D 
workpiece representation; 

Fig, 16 illustrates a 2D drawing corresponding to a bend 
30 graph listing; 

Fig. 17A illustrates a HM100 geometric modeling filing 

structure; 

Fig. 17B illustrates a tooling modeling file structure; 
Fig. 18A illustrates a gripper modeling file structure; 
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Fig. 18B illustrates a part modeling file structure; 

Fig. 19 illustrates an FEL planning message to be sent 
from a bend sequence planner to a motion expert; 

Fig. 20A presents an example of a workpiece and a search 
5 tree generated in accordance with the workpiece; 

Fig. 20B illustrates an example workpiece and search 
tree with bend twin nodes; 

Fig. 20C illustrates an example workpiece and search 
tree with a constrained bend twin node; 
10 Figs. 20D and 20E illustrate example workpieces with co- 

linear bends; 

Fig. 21 illustrates a general example flow chart of A* 
applied to sheet metal bending; 

Figs. 22A-22D illustrate the main flow of an embodiment 
15 of the bend sequence planner illustrated herein; 

Figs. 23A-23D illustrate a process for performing 
subplanning and cost assignment; 

Fig. 24 illustrates an example workpiece and search tree f 
with calculated costs illustrated; 
20 Fig. 25A is an example workpiece having an inner tab; 

Fig. 25B is an example workpiece with outer and inner 
bend lines; 

Fig. 25C is an example workpiece with short and long 
bend lines; Fig. 25D is an example portion of a bent workpiece, 
25 with abutting inside and outside corner edges; Fig.25E 

represents an example cutaway portion of a workpiece with co- 
linear bends; Fig. 26A, 26B, 27A-27C show example workpiece 
used to explain costraint expressions; 

Figs. 28 comprises a graph comparing the histories of 
30 nodes b6 f and b6; 

Fig. 29 comprises a chart of a dialogue between the bend 
sequence planner and the holding expert; 

Fig. 30 illustrates a chart of a dialogue between the 
bend sequence planner and the tooling expert; 
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Fig* 31 illustrates a chart of a dialogue between the 
bend sequence planner and the motion expert; 

Fig. 32 illustrates a process of the selection of a 
robot gripper; 

5 Fig. 33A illustrates a flat 2D workpiece with 

discretized x points illustrated thereon; 

Fig. 33B illustrates a bent 3D workpiece with 
discretized x points placed thereon; 

Figs. 34A-34B illustrate a process for predicting a 
io minimum number of repos to be performed before the search; 

Figs. 35A-35B illustrate a process for predicting a 
minimum number of repos to be performed during the search; 

Figs. 36A-36B illustrate a process for determining the 
robot's grasp locations on the workpiece; 
is Fig. 37 illustrates a 2D workpiece having both sheet and 

edge coordinate systems; 

Fig. 38 illustrates a 2D workpiece and the illustrated 
generation of available Y grasp locations; 

Fig. 39 is a diagram representing the intersections 
20 grasp regions to determine of a final grasp region before a 
repo is performed; 

Fig. 40 comprises examples of grasp regions in different 
levels of the search; 

Fig. 41 illustrates a process for determining the repo 
25 gripper location; 

Fig. 42 illustrates a process for selecting a repo 
gripper before performance of a state-space search; 

Figs. 43A-43B illustrate a process for selecting a repo 
gripper to be performed after a state-space search; 
30 Fig. 44 illustrates a bin-packing process to be 

performed before a search; 

Fig. 45 illustrates a graphic representation of the 
steps utilized to determine an initial tooling h-cost (based 
upon the total predicted stages which will be needed to 
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perform the complete bend sequence) ; 

Fig. 46 illustrates the steps of a process for 
determining the initial tooling h-costs; 

Fig. 47A illustrates a process of selecting tooling to 
s be used; 

Figs. 47B-47C illustrate a process for performing stage 
planning; 

Figs. 48A-48C are graphic representations of a modeled 
bend press and workpiece which will be utilized during stage 
10 planning; 

Fig. 49 illustrates a process of fine motion planning; 
Fig. 50 illustrates process steps performed by the 
motion expert to calculate k and h costs; 

Fig. 51 is a graphic representation of models of a bend 
15 press, a robot, and a workpiece, the models being used for 
determining a gross motion plan; 

Fig. 52 is a block diagram which illustrates the 
structure of the controller software of the planning system 
illustrated herein; 
20 Fig. 53 illustrates the main process steps of the 

sequencer task provided within the sequencer of the planning 
system illustrated herein; 

Fig. 54 illustrates the steps performed in executing a 
bend in accordance with a developed plan; 
25 Fig. 55 illustrates a robot task which forms part of the 

control system; 

Fig. 56 illustrates a press and loader/unloader (L/UL) 
task of the control system; 

Fig. 57 illustrates a backgage task of the control 
30 system; and 

Fig. 58 is a flow chart demonstrating the main steps 
performed in a learning process that may be performed by the 
planning system illustrated herein. 

BRIEF DESCRIPTION QF THE APPENDICES 
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10 



The present invention is further exemplified by a 
plurality of listings which are provided in the Appendices, 

wherein: , . 

Appendix A is an output shape file produced by a CAD 
system which includes a geometric/topological data structure 
of a workpiece as illustrated in Fig. 14E; 

Appendix B comprises an example bend graph listing 
formed from the geometric/topological data structure provided 

in the listing of Appendix A; 

Appendix C is an exemplary listing representing the FEL 
messages that may be generated and forwarded between the bend 
sequence planner and various experts during the planning 
process; and 

Appendix D is an example specification for a listing 
15 which represents the final plan in FEL which is forwarded from 
bend sequence planner to the sequencer of the planning and 
control system 71 illustrated herein. 

BSIA1LEE rascRT PTT™ or m tttttstfrtfp FMFPPIMSKTS 
1. EiajmiPfli Sfiflffi and Control 
20 Referring now to the Figures in greater detail, Fig. 5 

illustrates a block diagram of an embodiment of a planning and 
control system 70 for an intelligent manufacturing bending 
workstation. In the illustrated embodiment, planning and 
control system 70 includes a CAD system 74, a bend sequence 
25 planner 72, a plurality of experts (sub-planners), and a 
sequencer 76. Planning and Control System 70 is connected to 
hardware and sensors 78 via an interface 77. 

The experts include a tooling expert 80, a holding 
expert 82 and a motion expert 84. Additional experts may be 
provided, such as sensing expert 85 illustrated in dotted 
lines. Bend sequence planner 72, experts 80, 82, and 84, and 
CAD system 74 may be implemented within a UNIX-compatible 
environment on a workstation computer such as a Sparc 10 Sun 
OS v.4.1.3. Sequencer 76 may be implemented within an 
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additional CPU coupled to the Sun workstation via a bus 
adaptor. The bus adaptor may comprise a BIT 3 VME-to-VME bus 
adaptor which extends between the Sun workstation and a remote 
VME bus passive back-plane. The passive back-plane may hold 
several interface mechanisms such as VME (Virtual Memory 
Extension) boards, which together form part of interface 77 as 
illustrated in Fig. 5. Sequencer 76 may be implemented within 
a real-time UNIX-compatible multiprocessor operating system 
such as CHIMERA, and may be run by the additional CPU which is 
provided in the computer workstations back-plane. 
Accordingly, in the illustrated embodiment (shown in Fig. 5), 
CAD system 74, bend sequence planner 72, experts 80, 82, 84 
(and 85) and sequencer 76 are each implemented primarily with 
software which controls the operations of a computer utilizing 
a UNIX-compatible operating system. Sequencer 76 is 
implemented within a real-time UNIX-compatible multiprocessor 
operating system such as CHIMERA. 

CAD system 74 is utilized to design a sheet metal 
configuration, by defining the shape of a stock (flat) sheet 
metal part and the bends to be performed on the stock part to 
form a desired three-dimensional finished part. In designing 
the sheet metal part, CAD system 74 forms one or more 
information files which describe the part. As a three- 
dimensional part is designed, in a preferred embodiment, the 
CAD system maintains in memory, and visually, a three- 
dimensional representation of the sheet metal part in parallel 
with a two-dimensional representation of the part. The 
designer may modify the design by adding or removing details 
to or from either representation. CAD system 74 may also 
perform functions such as gathering and/or generating 
information needed for geometric ' modeling and requesting 
advice from bend sequence planner 72 as to whether certain 
design features can be implemented by the bending workstation. 
Bend sequence planner 72 operates in cooperation with 
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tooling expert 80, holding expert 82, motion expert 84, and 
any other experts (e.g., sensing expert 85) to produce a plan 
for complete part production by a bending workstation of the 
part designed with the use of CAD system 74. Bend sequence 

5 planner 72 performs functions such as proposing a particular 
bend in a hypothetical bend sequence, and determining what 
initial steps must be performed by the system in order to 
execute such a bend having a position within the hypothetical 
bend sequence. In determining the consequences of the 

10 proposed bend, bend sequence planner 72 may query tooling 
expert 80 as to what tooling would be needed to execute the 
proposed bend, querying holding expert 82 as to how the 
workpiece can be held while performing the proposed bend, and 
querying the motion expert 84 as to whether and to what extent 

is the robot (which is holding the workpiece) can be manipulated 
to assist in making the bend. If a sensing expert 85 is 
provided, bend sequence planner 72 might query sensing expert 
85 as to whether a particular sensor-based control strategy is 
needed in order to facilitate the execution of the proposed 

20 bend by the workstation and the costs associated with a 
particular sensor-based control strategy. Bend sequence 
planner 72 may be configured to continually propose bends from 
a first bend consecutively to a last bend in a complete bend 
sequence, thus resulting in a complete set of bends to perform 

25 the final workpiece. Once the successful final bend sequence 
has been generated in this manner, bend sequence planner 72 
may be configured to generate a final plan (which includes a 
general list of steps and accompanying information needed to 
control execution of the various hardware elements of the 

30 workstation), and forward the plan to sequencer 76. 

Sequencer 76 directs execution of the plan developed by 
bend sequence planner 72. Sequencer 76 interprets commands 
given by bend sequence planner 72 in the resulting plan, and 
controls timing of the various commands by parsing the 
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commands and information accompanying the commands and placing 
them into queues provided for each of the main hardware 
elements of the sheet metal bending workstation. 

Controller 75 comprises a plurality of tasks which 
correspond to the various hardware elements of the workstation. 
Each task is activated by the sequencer in an appropriate 
manner in accordance with the plan forwarded by the planner. 

(a) The Planning System Operations: — Planner and Sufr- 

planners 

Bend sequence planner 72 , and the several sub-planners 
including, e.g., tooling expert 80, holding expert 82 and 
motion expert 84, (and sensing expert 85) , form a planning 
system 71. 

Bend sequence planner 72 analyzes the designed part 
(Sheet metal workpiece) , provided by CAD system 74, and offers 
a bend sequence to be performed by the bending workstation. 
Planner 72 utilizes a state-space search method in order to 
determine an efficient sequence of bend operations that can be 
utilized by the bending workstation. Planner 72 converses 
with tooling expert 80, holding expert 82 and motion expert 84 
in order to obtain the information it needs to make its 
decisions . 

Tooling expert 80 responds to queries made by planner 72, 
and provides information to the bend sequence planner such as 
which tools will be needed for a particular bend operation or 
bend sequence. In addition, tooling expert 80 may inform bend 
sequence planner 72 of the arrangement of tools within the 
workstation. Tooling expert, in conjunction with planner 72, 
will attempt to design a setup of tooling so that the fewest 
number of stages/toolings are utilized to make a particular 
part, i.e., to execute a complete bend sequence for making the 
part. 

Holding expert 82 makes holding- related determinations, 
such as, e.g., whether the robot can hold the workpiece while 
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a particular bend, specified by bend sequence planner 72, is 
being performed. Holding expert 82 may also determine the 
location at which the robot should hold the workpiece so that 
the workpiece may be maneuvered through a series of bends, 
without collision, and without the need to change the robot's 
grasp on the workpiece- In addition, holding expert 82 may 
determine the position at which the repositioning gripper 
should hold the workpiece when the robot's grasp is being 
changed, and where suction cups 31 of loader/unloader (L/UL) 
30 should be placed during unloading and loading of the 
workpiece . 

Motion expert 84 is responsible for generating a motion 
plan, i.e., the manner in which the robot should be maneuvered 
in order to move the workpiece through various spaces and 
along various routes as needed to execute the bends. 

Bend sequence planner 72 and the respective experts may 
be modular to communicate with each other in a query-based 
manner. For example, before deciding to include a particular 
bend as part of the bend sequence, bend sequence planner 72 
may query tooling expert 80 as to whether there are sufficient 
tools to handle the bend. Bend sequence planner 72 will then 
await a response from tooling expert 80. Tooling expert 80 
will recognize the query from bend sequence planner 72, and 
will return with a response, e.g., indicating that there are 
sufficient tools to handle that particular bend noted by bend 
sequence planner 72. By way of example, bend sequence planner 
72 may also ask holding expert 82 if robot arm gripper 14 can 
remain holding onto the workpiece during a particular bend 
operation without repositioning its grasp of the workpiece. 
Holding expert 82 will then respond to the query made by bend 
sequence planner 72, and bend sequence planner 72 will then 
utilize the information to perform its next determination. 

Each of the modules of planning system 71 utilizes one 
or more functions provided by a geometric modeling library 
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(not shown) in order to model the relative interactions and 
positions of each of the hardware components of the system, as 
may be needed in making their determinations, 
(b) System Setup 
5 Once a plan is generated by the planning system, the 

system will perform a setup process. The setup process can be 
performed completely manually, or it may be automated in full 
or in part with the use of automated tool changers. The 
manual activities to be performed during the setup process may 

10 include downloading program data to dedicated controllers such 
as those illustrated in Fig. 1. 

As shown in Fig. 5C, each stage (stage 1 and stage 2 as 
illustrated in Fig. 5C) must be set up by placing a plurality 
of die segments 810a, 810b, and 810c in stage 1, and 811a, 

15 811b, and 811c for stage 2 along die rail 22. In order to 
gauge the location at which die segments for each stage will 
be placed, a human operator will typically measure the 
distance from the edge of the die rail 22 to a particular edge 
of the die corresponding to each stage. For example, a 

20 measurement may be made from the left edge of die rail 22 to 
the left edge of each die set for each stage in order to 
position the die segments corresponding to each stage. 
Pursuant to a particular embodiment of the present invention, 
a mechanism may be provided for automatically providing a 

25 guide that can be used by the setup operator to place the die 
segments at the appropriate location along die rail 22. Such 
a mechanism may comprise a backgage finger 88 which can be 
automatically positioned at a particular edge of each stage 
along die rail 22. For example, backgage finger 88 may be 

30 first located at location A for purposes of abutting first die 
segment 810a against backgage finger 88, and subsequent 
installment of second and third die segments 810b and 810c. 
After aligning die segments for stage 1, backgage finger 88 
may be automatically positioned to the next stage, i.e., stage 
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2. More particularly/ backgage finger 88 may be positioned at 
one side of the die corresponding to stage 2. In the 
illustrated example, backgage finger 88 is positioned at the 
left edge of die 811. While backgage finger 88 is at that 
position, first die segment 811a may be placed along die rail 
22 and abutted against backgage finger 88 for alignment. 
Thereafter, die segments 811b and 811c may be placed on and 
secured to die rail 22. 

Fig. 5B illustrates the main components for controlling 
the backgage finger 88 to assist in positioning an alignment 
of dies 810 and 811. The subsystem comprises an input control 
module 87a which includes a mechanism for instructing backgage 
servo controller 87b to move backgage finger 88 to one or more 
particular stage locations. 

According to Fig. 5A, alignment control module 87a may 
be provided in control portion 75 of planning and control 
system 70, while backgage servo controller 87b may be provided 
with an interface 77. More specifically, controller 75 may be 
provided with a backgage task module. The backgage task 
module may be provided with a backgage finger die-alignment 
function which may be called by the backgage task module. In 
calling the die-alignment function, the backgage task module 
may activate and control a backgage servo controller through 
the use of a second level backgage device driver 206 (see Fig. 
6) , which in turn interacts with an appropriate level 1 device 
driver such as an I/O device driver 220 which interacts with a 
parallel I/O card connected to the backgage hardware of the 
bending workstation. 

Another manual step that can be performed is positioning 
and/or adjusting of the punch holders 20. In addition, 
standard steps may be performed to align tool punch segments 
so that they are properly seated within each punch holder 20 
and correspond to the associated die segments. This may 
comprise operating the press so that the die segments and 
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corresponding tool punch segments are compressed against each 
other with a set amount of force. In addition, other standard 
adjustments and procedures, known to those skilled in the art, 
may be performed during setup. For example, loader/unloader 
5 30 may need to be adjusted so that suction cups 31 are 
properly positioned with respect to the workpiece 16. 

Workstation 10 may be configured to be controlled 
automatically by the planning system, without any need for 
human intervention. In the event that certain control modules 

io are still maintained as separate, e.g., separate robot control 
module 44 as shown in Fig. 1, along with separate press brake 
controller 42 and load/ unload controller 46, the planning 
system may be configured to download appropriate components of 
the plan to the appropriate control modules. 

15 (c) S*gm«»ncinq and Control 

In the illustrated embodiment, sequencer 76 is 
implemented within a real-time UNIX-compatible shell such as 
an Ironies IV-3230 computer with a CHIMERA II operating system. 
Additional information regarding possible implementations of a 

20 real-time scheduler such as sequencer 76 is provided in the 
CHIMERA manual by Stewart, Schmitz and Khosla, entitled 
"CHIMERA II Real-Time Programming Environment, Version 1.02" 
(October 29, 1990) , the content of which is incorporated by 
reference herein in its entirety. Sequencer 76 schedules the 

25 general execution of the generated plan by control system 75, 
which utilizes interface architecture 77 to communicate with 
various hardware elements and sensors within the system, 
depicted as hardware and sensors 78 in Fig. 5. 

Fig. 6 depicts in greater detail, sequencer 76, control 

30 system 75, and interface architecture 77. As illustrated in 
Fig. 6, sequencer 76 is connected to bend sequencer planner 72 
and is further connected to a plurality of modules which 
comprise control system 75. The modules of control ' system 75 
include a robot task 92, a press and L/UL task 94, a backgage 
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task 96, a motion library 98, a speed control module 102 and a 
collision detection module 100. Interface architecture 77 
comprises a set of level 2 device drivers and another set of 
level 1 device drivers. The level 2 device drivers (DD's) may 
include robot DD 202, press and L/UL DD 204, backgage DD 206, 
gripper DD 208, gripper sensor DD 210, droop sensor DD 212, 
backgage sensor DD 214, and angle sensor DD 216. The level 1 
device drivers may include respective device drivers 220, 222 
and 224 for one or more parallel I/O VME cards, one or more 
A/D VME converter cards, and a robot servo control card. 

Accordingly, as illustrated by interface architecture 77, 
a two-level device driver format is recommended for 
interfacing the various tasks and control modules of control 
system 75 to the various hardware elements of the bending 
workstation. The first level device drivers comprise a UNIX- 
like interface, with commands supported including openO, 
close 0, readO, writeO, ioctK), and mnapO commands. The 
first level device drivers standardize the interface to the 
I/O ports to which the hardware devices are attached, such as 
parallel I/O ports, analog/ digital converters and a robot 
servo control mechanism. The second level device drivers form 
an interface between the various modules of the control system 
75 and the first level device driver. Although there is no 
standard interface routines provided for the second level 
device drivers, the second level device drivers may be 
implemented with the use of a standard form as disclosed in 
the above-noted CHIMERA manual. With the use of a two-level 
device driver format, a software interface system may be 
provided which is reliable, portable, and has code which is 
easily readable. Specific details regarding the device 
drivers, and examples implementations thereof, are provided in 
the above-noted CHIMERA manual, which has been incorporated by 

reference herein. 

As to the VME cards which are the actual I/O ports 
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connecting the computer to the hardware elements, such cards 
may include / as noted above , one or more parallel I/O cards, 
such cards preferably having optically isolated connections 
between the computer and the various hardware elements 
5 connected thereto. In addition, the VME cards may include one 
or more Geonics motion two axis servo control cards II MCCII 
and one or more A/D converters having sufficient a number of 
channels and bit resolution, e.g., an A/D converter with 16 
channels and 12 bit resolution, such as the IMV-1645 Ironies 
10 (Pent land-Burr-Brown MPV 950S) . The parallel I/O cards may 
include an 80-channel (with 64 usable channels) Xycom XVME-240 
card and/or 32-channel digital output boards such as the Xycom 
XVME-220 and/or XVME-212 boards. One or more A/D converters 
can be provided for inputting information such as reading 
15 various data produced by the sensors included in the 
workstation, such as a gripper sensor, droop sensor, backgage 
sensor, and/or angle sensor. 

Each of the robot task 92, press and L/UL task 94, and 
backgage task 96, control the appropriate device drivers for 
20 controlling the corresponding hardware elements of the bending 
workstation. Several functions which must be performed during 
execution of various motion-related functions may be provided 
in motion library 98. Such functions may include kinematics, 
trajectory calculations and filtering. Any control functions 
25 relating to speed control, i.e., controlling the speed with 
which various physical elements (such as the robot) of the 
bending workstation are moved, may be implemented within speed 
control module 102. Collision detection module 100 is 
provided in order to perform collision detection which is 
30 needed in certain motion control processes during execution of 
the bend process. 

Motion library 98 may further include dynamic motion 
control and sensor-based motion control modules which directly 
communicate with the second-level device drivers for 
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dynamically controlling the movement of various components of 
the bending workstation and for changing such control in 
accordance with sensor-based signals produced by the various 
sensors provided in this system. 
5 It is noted that in the parallel I/O cards, it is 

preferred that the computer be optically isolated from the 
actual hardware connections to prevent damage that may be 
caused by surges present at the hardware components. Other 
reasons for optically isolating the parallel I/O cards is to 

10 protect the computer and the cards and to prevent the 
occurrence of ground loops. However, it is not necessary that 
the A/D converters be optically isolated from the sensors. 
2. n»nrf Semipnre Planner 

Bend sequence planner 72 of the embodiment shown in Fig. 

15 5A performs three main functions. It generates a bend 
sequence, including accompanying operations associated with 
each bend, queries experts as to the consequences of the bend 
sequence as it is generated, and as to further plan details 
(subplans) needed to accomplish the generated bend sequence, 

20 and compiles all gathered/ generated information in order to 
form an overall plan. The plan specifies the steps needed to 
execute the bend sequence by. a control system which controls 
operations of the sheet metal bending workstation. Each of 
the experts of the illustrated planning system 71 performs 

25 three main functions when requested by planner 72. They each 
determine an incremental cost for performing an individual 
step within the bend sequence, develop proposed/ intermediate 
plan information, and communicate the incremental cost and 
plan information to bend sequence planner 72. The 

30 proposed/ intermediate plan information includes two types of 
information: definite information and indefinite information. 
For example, at a certain point in time during planning, 
holding expert 82 will know which regions of the workpiece may 
be grasped by the robot grasper to perform a given bend within 
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a bend sequence (the grasp regions being definite)/ but will 
not yet know the exact grasp location (the precise grasp 
location being indefinite) . A temporary (indefinite) grasp 
location will be assigned by the holding expert 82, which can 
be verified at a later time. As noted above, sequence planner 
will query each expert as to the consequences of a bend 
sequence as it is generated. 

The consequences of the bend sequence are represented in 
terms of cost. The costs of the bend sequence as it is 
generated may be determined as a function of one or more of: 
the amount of time that it takes to perform a particular 
operation within the bend sequence, the extent to which an 
operation within the bend sequence will affect the accuracy of 
the operation and the quality of the resulting workpiece, 
whether or not there are any safety concerns associated with 
performing a particular operation at a particular point in a 
bend sequence, and whether there are any heuristics which, if 
taken into account, would suggest performing one operation 
instead of another at a particular point in the bend sequence. 

Bend sequence planner 72 may query experts for 
information such as what tool profile should be utilized to 
perform certain bends of the bend sequence, what stage 
segments will be needed to form a given stage which will be 
needed to perform a bend, and where can/ should the robot 
gripper grasp the workpiece in performing one or more bends of 
the bend sequence. In addition, planner 72 may query the 
experts as to when a repositioning of the workpiece should be 
performed in the bend sequence, and how should the robot and 
the workpiece be moved in order to execute various operations 
throughout the sequence, such as a bend, repositioning, 
workstation load, and/or a workstation unload. Fig. 7 

represents, in a high level flow chart, the major steps 
performed by an example embodiment of bend sequence planner 72. 
In a first step SI, parallel design processing is performed by 
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CAD system 74. The parallel design processing may comprise, 
among other functions, labeling various geometries 
corresponding to respective portions of the workpiece, the 
resulting labels being used later (in step S3) by the bend 
5 sequence planner to determine whether heuristics should be 
considered in generating the bend sequence plan. Subsequently/ 
in step S2, a heuristics framework is produced to guide the 
bend sequence planner in choosing the bends that will form the 
bend sequence. In producing the heuristics framework for the 

10 bend sequence in step S2, a partial order of bending steps is 
computed that complies with certain specified heuristics. 
Subsequently, in step S3 a state-space search algorithm is 
performed which will be influenced by the heuristics framework. 
The state-space search algorithm performs an analysis of the 

15 implications of performing various bends in a prescribed order, 
by assigning costs to each bend in step S4. In order to help 
with the assignment of costs, in step S5, geometric reasoning 
is utilized, e.g., to determine the physical implications a 
particular bend will have by modeling the machine and the 

20 resulting workpiece as they relate to each other during the 
execution of each bend. 

The heuristics are taken into account by either reducing 
the assigned costs for a particular bend (if it is preferred 
due to heuristics) or by increasing the assigned costs (if the 

25 bend is not preferred due to heuristics) . A particular 
sequence of bends is thus developed in step S3, which can be 
executed to produce the desired finished workpiece. Once the 
state-space search algorithm is performed in step S3, a 
determination is made in step S6 as to whether or not a 

30 complete plan, including a complete bend sequence, has been 
generated. If a plan cannot be formed for the design that has 
been specified, the process returns to step SI, where the 
workpiece may be redesigned to form a part design for which an 
operational plan can be created. 
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If a determination is made in step S6 that a complete 
plan was produced, the process will proceed to step S7, and 
the complete plan will be forwarded/ using FEL, to the 
sequencer, or the plan may be stored in a file for later 
5 retrieval and execution by the sequencer. The state-space 
search algorithm will preferably comprise an A* algorithm, 
such as disclosed, e.g., by Nils J. Nilsson in "Problem- 
Solving Methods in Artificial Intelligence" McGraw-Hill Book 
Company, 1971, pages 43-67, the content of which is expressly 
10 incorporated herein by reference in its entirety. 

It is noted that the cost assignment step S4 may 
consider variables such as robot motion, gripping positions, 
the need for regripping, the need to change the gripper, 
tooling positions, and the need to change the tools. High 
15 costs are assigned for variables that will be time consuming, 
sacrifice quality, and/or expose the system to high risk. 

The above-described operations planning method can be 
termed generative planning (since it automatically generates a 
bending plan), with weak heuristics and state-space searching. 
20 In performing the method, a human inputs the design. A 
heuristics framework is defined using heuristics which are 
called "weak heuristics" because they comprise only a limited 
set of rules. Possible bends are considered, and costs are 
assigned to each considered bend. The costs assigned to the 
25 bends are influenced by the heuristics framework by augmenting 
or discounting the cost of a particular bend. A sequence of 
bends of the least total cost is chosen utilizing a state- 
space searching algorithm. 

Generative planning with weak heuristics as disclosed 
30 herein should be contrasted with other approaches to 
operations planning. One such approach includes variant 
planning with case-based reasoning. In variant planning, a 
human inputs a design of a new part, and the design is coded 
according to an index. The index is used to look up an old 
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design which best resembles the current part to be designed 
and the problems to be solved. A human operator edits the old 
plan to solve the new problems, e.g., by editing an RML 
program. One of the problems noted with variant planning is 
that a similar design may require different or divergent 
solutions, which will not be discovered by comparison to old 
plans. 

Another approach to operations planning is generative 
planning with strong heuristics. With generative planning 
with strong heuristics, the human inputs the design and 
several labeled features of the new part. Heuristics are then 
used to determine the total ordering of bends and machine 
operations, thus being called "strong heuristics." A 
generative planning system with strong heuristics lacks the 
flexibility and intelligence of a generative planning system 
with weak heuristics, and will likely be unable to handle 
unorthodox problems. Such a system has no understanding as to 
what heuristics work better in a particular situation, and 
which heuristics should be discarded. Moreover, such a system 
will be incapable of developing a plan in many cases. 
(a.DHsUEifilifiS 

Sheet metal bending heuristics can be taken into account 
by the bend sequence planner of the present invention. 
Several exemplary bend heuristics will be described as follows. 
One heuristic is to bend internal tabs early. Fig. 25A 
illustrates a workpiece 16 having an internal tab 33 which is 
to be bent along bend line 34a. In accordance with this 
heuristic, although there are other bends to be performed 
along bend lines 34b, 34c, and 34d, it is preferred that the 
internal tab 33 be bent along bend line 34a first. 

In accordance with another heuristic, it is desired that 
the bends along the outermost bend lines be performed before 
the bends along the inner bend lines. For example, referring 
to Fig. 25B, a workpiece 16 is shown which includes outer bend 
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lines 35a, 35b, 35c, and 35d, along with inner bend lines 36a, 
36b/ 3 6c, and 36d. In this illustrated example, in accordance 
with the heuristic/ it is desired that the outer bends 
corresponding to outer bend lines 35a-35d be performed before 
5 the bends corresponding to inner bend lines 36a-36d. 

In accordance with a third heuristic, it is preferred 
that shorter bends be performed before longer bends. Fig. 25C 
illustrates a workpiece having shorter bends along bend lines 
37a and 37b, and longer bends along bend lines 38a and 38b. 
10 Accordingly, it is preferred that the bends along bend lines 
37a and 37b be performed before the bends along bend lines 38a 
and 38b. 

In accordance with a fourth heuristic, it is preferred 
that bends which form an outside face, of a corner of a 3D 

is workpiece, be performed before the abutting inside corner fase. 
Fig. 25D illustrates a workpiece 16 having an outside face 39a 
and an inside face 39b which each abut each other at a corner 
390. If the bend corresponding to the inside face was done 
first, then, when performing the bend corresponding to the 

20 outside face 39a, the press would not be able to cause the 
flange to be bent beyond its intended 90° angle. Accordingly, 
when the outside face springs back, it will not be flush with 
the end portion of inside face 39b. 

In accordance with an additional heuristic, co-linear 

25 bends are performed simultaneously. As shown in Fig. 25E, a 
workpiece 16 is shown to include two tabs 26a and 26b, which 
are each to be bent along bend lines 27a, 27b, respectively. 
Since the bend lines 27a and 27b are co-linear, in accordance 
with the heuristic, it is preferred that the bends along those 

30 bend lines will be performed simultaneously. 

The above-described heuristics are only examples of the 
types of heuristics which may be taken into account by the 
bend sequence planner of the present invention. A larger or 
smaller set of heuristics, including all or a portion of the 
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above-listed heuristics, may be utilized by the bend sequence 

planner. , 

in order to recognize when certain heuristics may apply 
to a given workpiece in developing the plan, a list of key 
5 features may be created which describe various geometric 
features of the workpiece which can then be utilized by the 
bend sequence planner in applying the heuristic rules. A list 
of key features may be described with respect to the example 
workpiece 16 illustrated in Fig. 8. Several features may be 
10 deduced from workpiece 16, while it is still in its 2D state. 
An example of such features may include the flange number, the 
width of the flange, and the height of that flange. Referring, 
e.g., to flange 1, the flange number of the flange would be 7, 
a value w would be assigned to the width of that flange, and a 
is value h would be assigned as the height of that flange. In 
addition, values may be defined which specify an angle-class, 
i.e., a class of flanges which all have the same bend angle. 

Additional features which may be labeled to avoid extra 
searching in the search space include an indication that the 
20 part that is symmetric around one or more axes. 

Fig. 9 illustrates a workpiece 16 and a search tree 15 
corresponding thereto. Workpiece 16 has an axis of symmetry Y 
which is divided down the middle, running longitudinally 
through workpiece 16. Accordingly, at the first level of the 
25 search, the nodes corresponding to bends 3 and 5 have been 
eliminated (as indicated by the circles surrounding these 
bends) because they are symmetrical with nodes 2 and 4. There 
is no need to also evaluate and search through bends 3 and 5 
at the first level, since the same effective results would be 
30 obtained if the search started with the bend corresponding to 
those nodes as opposed to either of bends 2 and 4. If the 
first bend chosen is bend 1, at the next level of the search, 
bends 2 and 4 are still symmetrical with bends 3 and 5. Thus, 
the nodes corresponding to bends 3 and 5 are again eliminated 
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due to the fact that they are symmetrical with bends 2 and 4. 
However, if the node corresponding to bend 4 is the first 
chosen node in the sequence, this eliminates the symmetry of 
workpiece 16. Thus, at the next level of the search stemming 
5 from the node of bend 4, there are no nodes eliminated due to 
symmetry. 

(a. 2) Constraints 

Depending upon the geometric features associated with a 
part to be formed, there may be bend-related operations which 

10 cannot be performed at certain points in the operations 
sequence being planned. These bend-related operations can be 
constrained to (or excluded from) certain locations in the 
bend sequence by using a mechanism referred to as a 
"constraint". A feature extraction module (not shown) may be 

15 provided to automatically label geometric features from 
geometric models produced by the design system (e.g., using 
data structures similar to those indicated above), and the 
geometric feature labels can be used to form legal phrases 
(called constraints) in an interface communication language, 

20 such as FEL. 

Constraints may be defined by using a data structure 
that allows a particular arrangement of bend operations to be 
specified, in varying degrees of flexibility. For example, 
for a four-sided part 16 as illustrated in Fig. 26A, the 
25 following constraint statement can be used to specify the 
order in which bends 1, 2, 3, and 4 are performed: 

(constraints ((1234))) 
This statement signifies that the first bend must be performed 
before the second, which must be performed before the third, 
30 which must be performed before the fourth. Further, since 
there are no operators included in the statement, there may 
not be any other bend operations performed before, between, or 
after any of bends 1-4. 

If the bend 2 must be performed before bend 3, but there 
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are no other constraints on the arrangement of the bend 
operations in the bend sequence, the following constraint 
statement may be used: 

(constraint (( * 2 * 3 * ))) 
5 The operator "*" acts as a "wild card", and allows either no 
bend operations or any number of bend operations to be 
performed at its location in the bend sequence, and the type 
of bend operations which may be performed at its location can 
be among any of the remaining bend operations not specified in 

10 the constraint statement. 

Another wild card operator, "?", can also be used, and 
it signifies that exactly one bend operation, among those not 
specified in the constraint statement, must be performed at 
its location in the bend sequence. Thus, if precisely one 

is bend operation must be performed before bend 2 in the part 
shown in Fig. 26A, but there is no limitation on the number or 
type of bend operations following bend 2 (except that they may 
not include bend 2), the following constraint statement can be 
used: 

20 (constraint (( ? 2 * ))). 

The constraint statements may also include grouping 
operators, which require that certain bend operations be 
grouped together with no limitation on the order of the bend 
operations within the group. For example, the following 

25 constraint statement requires that bends 2 and 3 be before 
bend 4 in the bend sequence, and that bends 2 and 3 be grouped 
together with no bend operations therebetween: 
(constraints (( * { 2 3 ) M * ])). 
More than one constraint expression can be included 

30 within a constraint statement. For example, the following 
constraint statement includes the above grouping constraint 
expression, as well as an additional constraint expression 
which further specifies that bend 1 must be before bend 4 
without any additional limitations as to the inclusion and 
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arrangement of the other operations with respect to bends 1 
and 4: 

(constraints (( * { 2 3 } * 4 * ) 
( * 1 * 4 * ))). 

There can be any number of bend operations within a 
group, and groups can be nested in order to specify that there 
is no requirement that a plurality of groups be in a specific 
order. For example, the following expression specifies that 
bends 1 and 2 must be next to each other in the bend sequence, 
and bends 3 and 4 must be next to each other in the bend 
sequence. However, there are no other constraints as to the 
inclusion and arrangement of other bend operations due to this 
constraint expression. 

( * {{ 1 2 } * { 3 4 }} * ) . 

Some additional example constraint expressions may 
include ( * 7 ) , which means that bend operation 7 must be 
performed as the last bend operation in the sequence, and ( * 
7 ? ) , which means that bend operation 7 must be performed as 
the second to last bend operation in the sequence. 

The types of operators that can be used to define 
constraints may be expanded to include boolean operators such 
as NOT, OR, and AND. For example, a constraint which uses a 
NOT operator could be ( * NOT 7) , which would mean that the 
seventh bend operation could not be the last operation of the 
sequence. 

There is virtually no limit to the types of constraints 
that can be specified, and any entity in the planning system, 
including the various experts as well as a human operator of 
the bend sequence planner, can define constraints. A 
constraint manager may be provided, e.g., within the bend 
sequence planner, in order to help maintain the consistency of 
constraints and resolve conflicts that arise between 
constraints. 

By way of example, the types of constraints may include 
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constraints for (1) channels (e.g., as shown in Fig. 26B), (2) 
angle bends , where the bend line for the flange to be bent 
intersects and is close to a non-end point portion of a bend 
line of another bend (and both of the bends are to be 
5 performed in the same direction, e.g., they are both positive 
bends) (e.g., as shown in Fig. 27A) , and (3) flanges which 
when bent form a corner with an outside flange and an inside 
abutting flange (e.g., as shown in Fig. 27C) . 

The constraint expression for the channel illustrated in 
10 Fig. 26B usually must be(*2*l*3*), even though a 
common heuristic prefers that bends on outer bend lines be 
performed before those of inner bend lines, which might 
suggest a constraint of(*3*2*l*). This conflict in 
constraint expressions, if it existed, would have to be 
15 resolved in favor of the channel constraint ( * 2 * 1 * 3 * ) . 

The constraint expression for the pair bends shown in 
Fig. 27A may be as follows: 
( * 2 * 1 * ) . 

If the order of bends were different, i.e., if bend 1 was 
20 performed before bend 2, the flange of bend 2 would not be 
bendable beyond 90 degrees, and thus could not be properly 
performed (since when bending malleable materials with elastic 
tendencies such as sheet metal, the part must be bent slightly 
beyond the goal angle of the bend) . 
25 The constraint expression for the pair of bends shown in 

Fig. 27C may be as follows: 
( * 2 * 1 * ) . 

The importance of complying with this constraint is explained 
above with respect to Fig. 25D. 
30 Where appropriate, a human operator of the bend sequence 

planner (or another expert/subplanner of the system) may 
define a constraint expression which groups all bends on each 
side of a part together, so that less time will be spent by 
switching between sides of the part when performing a search 
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for a solution bend sequence. Fig. 27B shows a part with 
several bends on each side of the part, where it may be 
appropriate to group the bends for each side, e.g., by using 
the following constraint expression: 

5 (*{{12}{34}{56})*). 

Since constraints may conflict, a mechanism should be 
provided for resolving conflicts. As noted above, a 
constraint manager may be provided within the bend sequence 
planner for this purpose. A possible prioritization scheme 

10 could simply discard or ignore constraint expressions that 
have a higher assigned priority. The priority assigned to 
constraint expressions could depend upon what type of 
constraint it is. For example, human input constraints could 
be assigned the highest priority, with machine constraints, 

15 part constraints, and optimization constraints being assigned 
respective lower priorities. Accordingly, machine constraints 
would have the second to highest priority, part constraints 
would have the third highest priority, and optimization 
constraints would have the fourth highest (i.e., the lowest) 

20 priority. 

A human input constraint is a constraint input by a 
human operator controlling the bend sequence planner through a 
hu man interface. A machine constraint is a constraint 
dictated by limitations of the machines and tooling (e.g., a 

25 channel constraint) . A part constraint is a constraint 
dictated by the features of the part (e.g., a constraint 
dictated by the presence of inside and outside abutting 
corners) . Optimization constraints are constraints that are 
created in order to speed up the search for a bend sequence 

30 (e.g., a constraint to group bends together that are on a 
particular side of the part) . 

In order to determine if there is a conflict between 
constrait expressions, an algorithm may be provided which 
first checks for the presence of common operations within a 
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given pair of constraint expressions. If there is a common 
operation among the constraint expressions, they may then be 
merged together in order to determine if they conflict. For 
example, if (*1*2*1 was merged with 1*2*3*), the resulting 

5 merged constraint expression would be (*1*2*3*) . If (*1*2*) 
was merged with a conflicting expression such as (*2*1*), a 
null would be the result, thereby indicating that the 
constraint expressions conflict with each other, 
(a. 3) rvwiinftar fanri rrmpatihle) Bends 

10 if two bends have bend lines that are co-linear, e.g., 

bends 5 and 6 in Fig. 8, and they are compatible (i.e., they 
have the same bend angles, the same bend radius, and other 
features which allow the bends to be performed simultaneously), 
it is preferred to have the bends performed simultaneously. 

is For this purpose, heuristics may be provided in order to 
influence the search performed by the bend sequence planner so 
that simultaneous bending of co-linear bends is preferred and 
thus more likely to become part of the bend sequence formed by 
the search. In addition, or alternatively, constraints may be 

20 specified using constraint expressions to require that certain 
compatible co-linear bends be performed simultaneously if 
possible (i.e., if the constraint expression does not conflict 
with a constraint expression of higher priority) . 

(b) ThP Bend SfiflUfinCfi Piter's StatfizSPaCfi SfiaTCtt 

25 Algorithm 

In a state-space search algorithm, a solution is 
obtained by applying operators to state-descriptions until an 
expression describing a goal state is obtained. In performing 
a state-space search method, a start node is associated with 

30 an initial state-description, and successors of the start node 
are calculated using operators that are applicable to the 
state-description associated with the node. By calculating 
all of the successors of a node, the node is thereby expanded. 
Pointers are set up from each successor node back to its 
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parent node. The pointers may later be used to indicate a 
solution path back to the start node, when a goal node is 
finally found. 

The successor nodes are checked to see if they are goal 
5 nodes by checking the associated state-descriptions 
corresponding to the successor nodes to see if they describe 
the goal state. If a goal node has not yet been found, the 
process of expanding the nodes, and setting up corresponding 
pointers, continues. When a goal node is found, the pointers 
10 are traced back to the start node to produce a solution path. 
The state-description operators associated with the arcs of 
the path are then assembled into a solution sequence. 

The above-described steps form a state-space search 
algorithm. Variations of the above-described algorithm may be 
15 defined by the order in which the nodes are to be expanded. 
If the nodes are expanded in an order in which they are 
generated, the search method is called a breadth-first method. 
If the most recently generated nodes are expanded first, the 
method is called a depth-first method. Breadth-first and 
20 depth-first methods are blind-search algorithms, since the 
order in which the nodes are expanded is unaffected by the 
location of the goal node. 

Heuristic information, about the overall nature of the 
graph and the general direction of the goal, can be utilized 
25 to modify the search process. Such information can be used to 
help direct the search toward the goal, in an attempt to 
expand the most promising nodes first. One type of heuristic 
search method is described, e.g., by Nils J. Nilsson in 
"Problem-Solving Methods in Artificial Intelligence," noted 
30 previously. 

Blind-search algorithms, such as breadth- first or depth- 
first, are exhaustive in their approach to find a solution 
path to a goal node. In application, it is often impractical 
and time-consuming to use such methods, because the search 
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will expand an excessive number of nodes before a solution 
path is found. Such an exhaustive expansion of nodes consumes 
more c omp uter memory in order to store the information 
associated with each node, and more time, e.g., to calculate 
5 node expansions and points. Accordingly, efficient 
alternatives to blind-search methods are preferred. 
Heuristics may be applied to help focus the search, based upon 
special information that is available about the problem being 
represented by the graph- One way to focus the search is to 

10 reduce the number of successors of each expanded node. 
Another way to focus the search is to modify the order in 
which the nodes are expanded so that the search can expand 
outwardly to nodes that appear to be most promising. Search 
algorithms which modify the ordering of node-expansion are 

is called ordered search algorithms. Ordered search algorithms 
use an evaluation function to rank the nodes that are 
candidates for expansion to determine the node which is most 
likely to be on the best path to the goal node. In operation 
of the ordered search algorithm an f value is determined at 

20 each node n t available for expansion, where f is an estimate 
of the cost of a minimal cost path from the start node to the 
goal node constrained to go through node ni. Each succeeding 
node having the smallest f value is then selected in sequence 
for expansion. 

25 Fig. 20A illustrates a tree produced by an ordered- 

search algorithm applied to a blank workpiece that has four 
sections, which are to be bent upward to form four sides of a 
box, each side being represented in Fig. 20A .by a 
corresponding number 1, 2, 3, and 4. Each numbered side of 

30 the box corresponds to a particular bend, including bend 1, 
bend 2, bend 3, and bend 4. 

The blank workpiece (stock part) corresponds to start 
node n 0 which may also be called the root node associated with 
the initial state-description of the workpiece. The 
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successors of the start node n 0 may be calculated by expanding 
the start node (the root node) to form successor nodes n x , n 2/ 
n 3 , and m. At this level of the search, nodes ni-n 4 
correspond respectively to bend 1, bend 2, bend 3, and bend 4. 
5 Node 1 is expanded to include successor nodes n 5/ n 6 , and 

n 7 which correspond respectively to bend2, bend3 and bend4, 
and an additional successor node n e which corresponds to a 
repositioning (i.e., a repo) of the robot gripper's hold on 
the workpiece. Node 5 is expanded to include successor nodes 
io n 9 and n 10 which correspond respectively to bend3 and bend4, 
and an additional successor node n i2 , which corresponds to a 
repo. Node n9 is expanded to have successor nodes n i3 and ni 4 , 
which correspond respectively to bend4 and a repo. Node n l4 is 
expanded to have a successor node nl5 which is the goal node, 
15 because it results in the final bend for the workpiece. 

Bend sequence planner 72 preferably is configured to 
perform a best-first state-space search in order to develop a 
complete bend sequence to be performed by the bending 
workstation. An ordered search algorithm utilizes an 
20 evaluation function to rank nodes that are candidates for 
expansion to determine the node which is most likely to be on 
the best path to the goal node, i.e., the node which is the 
best. The first node corresponds to the flat part, e.g., as 
illustrated in Fig. 20A. At each level of the search, the 
25 best node which is on an OPEN list will be expanded, and the 
expanded node will be taken off OPEN. Depending on whether or 
not there are constraints concerning the ordering of certain 
operations, all or a portion of the expanded nodes will be 
placed on OPEN. The expanded nodes which are placed on OPEN 
30 will correspond to the remaining bend operations, minus those 
eliminated due to constraints. 

In accordance with a particular embodiment of the 
present invention, there will be twin nodes corresponding to 
each bend, including a first twin node corresponding to 
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operation of the bend while holding the workpiece from one 
side of the workpiece, and a second twin node corresponding to 
performing the same bend, but while holding the workpiece from 
the other side of the workpiece. The expanded nodes which are 
5 placed on OPEN may also include one node that represents a 
repositioning of the robot gripper's grasp on the workpiece 
(i.e./ a "repo"). In accordance with a further feature of the 
present invention, certain levels of the search may be 
constrained so that they do not include a node for a repc. 

10 This is because it would not make sense to perform a repo at 
one level of the search and again perform a repo at the very 
next level. Accordingly, if a repo is performed at an 
immediate parent node, then bend sequence planner 72 will 
constrain the placement of a repo node on OPEN. 

is Figs. 20B and 20C each illustrate a simple example 

workpiece 16 having two faces 262, and one bend line 260. In 
addition, each of Figs. 20B and 20C includes an accompanying 
diagram of a node expansion from the root node no to the first 
level of a search tree which includes two expanded nodes. Fig. 

20 20B shows two expanded nodes, while Fig. 20C shows one 
expanded node and indicates that the other node has been 
constrained. Referring to Fig. 20B, since only one bend is to 
be performed on workpiece 16, only two nodes are shown. The 
bend may be performed in accordance with node ni, whereby bend 

25 1 is performed with face 2 being inserted into the die space 
of the bending workstation, or bend 1 may be performed in 
accordance with n 2 , whereby bend 1 is performed with face 1 
being inserted into the die space. Referring to Fig. 20C, 
once workpiece 16 is bent along bend line 260, it is apparent 

30 that face 1 will result in a flange having a height which is 
too small to allow grasping of workpiece 16 at that side of 
the workpiece when performing the bend. Accordingly, in order 
to perform bend 1 along bend line 260, workpiece 16 must be 
grasped by a robot gripper from the side of workpiece 16 
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corresponding to face 2. In other words, bend 1 must be 
performed with face 1 being inserted into the die space. Thus, 
the search tree illustrated in Fig. 20C only includes one node 
rx u and shows that while the parent node no might normally be 
5 expanded to include a second node, the second node has been 
constrained. 

A node may be constrained by eliminating it from 
consideration as a possible operation within the bend sequence. 
Such elimination of a node may be accomplished by preventing 
io an expansion from including the node, or by simply failing to 
place the node on the OPEN list. 

Fig. 20D illustrates an example workpiece 16 having two 
co-linear bends, with bend lines 1 and 2. The nodes that may 
be generated from this workpiece include the following: (1,2), 
15 (1,1), (2,2), (2,1), ((12), 1), and {(12), 2). By convention,' 
the holding faces are defined on each side of the first bend 
line of the co-linear bend. Fig. 20E illustrates another 
example workpiece 16. The holding sides for this co-linear 
bend (bending at lines 1 and 2 simultaneously) are defined in 
20 the following twin nodes: ((l 2) 1), ( ( i 2) 2). Note that 
the bend twin holding face is face 1, even though face 1 also 
extends to the other side of the bend line (i.e., even though 
it extends to a position which would be behind the die space 
during a bend) . This is because of the convention noted above, 
which is used to choose the bend twin holding face. 

Fig. 21 illustrates, in a simplified flow chart, an 
example embodiment of a state-search algorithm, comprising an 
ordered search algorithm, based on the algorithm disclosed by 
Nils J. Nilsson in "Problem-Solving Methods in Artificial 
30 Intelligence", which may be utilized by the bend sequence 
Planner of the present invention in order to form a bend 
sequence to be utilized by a bending workstation. After the 
algorithm is started, at step S10, a start node n 0 is placed 
on a list called OPEN, and a function value f is set equal to 



25 



54 



WO 96/15481 PCT/JP95/02291 

0. Thereafter, in step S12, a determination is made as to 
whether there is anything in the OPEN list. If the OPEN list 
is empty, the process is forwarded to step SI 4, and an error 
indication is given. If the OPEN list is not empty, as 
5 determined at step S12, the process will proceed to step S18. 

At step S18, the nodes placed within the OPEN list are 
checked/ and the node having the smallest f value is removed 
from OPEN and placed on a CLOSED list. This node is called n A . 
Thereafter, in step S20, a determination is made as to whether 
10 the node n t is a goal node. If it is a goal node, the process 
is forwarded to step S22, where a solution path is generated 
by tracing back from node n w through its pointer and the 
pointers of the previous nodes, to the start node n 0 . However, 
if node n A is not the goal node, as determined at step S20, 
15 the process will be forwarded to step S24. In step S24, node 
ni is expanded to generate all of its successor nodes, called 
n 3 . If there are no successors nodes n 3 , the process will 
return to step S12. For each successor node n 3 that is 
generated, a computation will be made for a corresponding f 
20 value f(n 3 ) « k f (n,) + h(n,), where k' is equal to the sum of 
the k costs of performing each node from the starting node to 
the current node, and h is equal to the projected cost from 
the current node to the goal node. Also, in step S24, each of 
the computed f values will be associated with their 
25 corresponding successor nodes n 3 that are not already on 
either the OPEN or CLOSED lists. Such successor nodes n 3 are 
then placed on the OPEN list, and pointers are directed from 
those successor nodes n 3 back to nt. For each successor node 
n 3 that was already on an OPEN or CLOSED list, an f value is 
30 associated with that successor node n 3 that is equal to the 
smaller of the f value just computed for that node and the f 
value already associated with that node. The successor nodes 
n 3 on the CLOSED list who have their associated f values made 
smaller are placed on the OPEN list, and the pointers for 
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those successor nodes n 5 are redirected to ni. After execution 
of step S24, the process will return to step S12. 

(c) Illustrated Example Bend Sequence Planner 
Figs. 22A-22D illustrate a particular example embodiment 
5 of a bend sequence planning process to be performed by bend 
sequence planner 72 illustrated in Fig. 5A. The bend sequence 
planning process is started upon receipt of a command to 
commence operation, e.g., as indicated in step S26, by 
proceeding on receipt of an FEL command to start planning. 
10 Once the process starts, and proceeds in step S28, one or more 
files corresponding to the parts to be produced are read by 
the bend sequence planner. Such files may be in the form of a 
shape file including information such as geometric and 
topological information (a 3D data description of the part and 
15 a parallel 2D data description of the part corresponding to 
the 3D data description) , labeled geometric features which are 
pertinent to determinations to be made by bend sequence 
planner , and a bend graph correlating bends to be performed 
with geometric and topological information. 
20 Once the part file has been read in step S28, the 

process proceeds to steps S30, S32, and S34, during which each 
expert is initialized. More particularly, the holding expert, 
the tooling expert and the motion expert are each initialized. 
Once the various experts have been initialized, in step S3 6, a 
25 list of bends is built, and calculations are performed 
regarding the various features of the parts. For example, a 
computation may be performed regarding what the lengths of 
bends are and which bends are co-linear. Thereafter, in step 
S38, an A* algorithm is initiated, including steps such as 
30 putting a root node no on an OPEN list, and setting an f value 
equal to 0. A determination is then made at step S40 as to 
whether the OPEN list is empty. If the list is empty, the 
process will proceed to step S42, and exit with an error 
indication. Otherwise, if the OPEN list is not empty, the 
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process will proceed to step S44, in which the node on the 
OPEN list with the smallest f value will be taken and placed 
on a CLOSED list. The chosen node will be called n t for 
purposes of explaining the steps of the flow charts of Fig. 
5 22A-Fig. 22D. 

In step S46, a determination is made as to whether node 
ni is a goal node. If node n 4 is a goal node, the process 
proceeds to step S48, where a solution path is generated. 
Otherwise, if n A is not a goal node, the process proceeds to 
10 step S50 which is shown at the top of Fig. 22C. 

After generating a solution path in step S48, the 
process will proceed to step S56 which is shown at the top of 
Fig. 22D. In step S56/ a finalize message is sent along with 
the bend sequence to each of the experts, and each of the 
is experts is queried for final detailed information which is 
needed to complete the bend sequence plan. Thereafter, in 
step S58, the bend sequence planner will await a response from 
the tooling expert. Once all the final information has been 
received from the tooling expert, in step S60, the setup of 
20 the bending workstation will be started. In the meantime, 
while the setup of the workstation is being performed, in step 
S62, the process will await a response from the motion expert 
and the holding expert. Once the complete motion expert and 
holding expert plans have been received, at step S64, the 
25 final plan will be forwarded to the sequencer of the system. 

Assuming that n t is not determined in step S4 6 to be the 
goal node, the process will continue at step S50 at the top of 
Fig. 22C. At this step, node ni will be expanded to obtain 
its successor nodes n 3 . The successor nodes will include bend 
30 twin nodes for each bend, i.e., two nodes corresponding to 
each bend, and an additional node for a repo, minus any nodes 
which are constrained from being successor nodes at the 
present level of the search. 

Once the successor nodes have been generated in step S50, 
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a subplanning and cost assignment process is performed in step 
S52. Thereafter, in step S54, successors n : are each placed 
on the OPEN list, with the subplan information and cost 
information corresponding to each node being associated with 
5 each node in the OPEN list (e.g., by using pointers). The 
process will then return to step S40 where a determination 
will be made as to whether the OPEN list is empty. If the 
OPEN list is empty, the process will exit with an error 
indication at step S42; otherwise the process will proceed to 

10 again execute steps S44, S46, S48, S50, S52 and S54. 

Figs. 23A-23D illustrate the subplanning and cost 
assignment process which corresponds to step S52 in the 
bending sequence planning process illustrated in Figs. 22A-22D. 
The subplanning and cost assignment process determines or 

is formulates a subplan and incremental costs which correspond to 
each of the expanded/ successor nodes n 3 which have not been 
eliminated as a viable node at the present level of the search 
due to constraints. For each such expanded/successor node, 
the process illustrated in Figs. 23A-23D will be performed. 

20 In a first step S66, a test will be performed for the 
permutability of node n 3 regarding the subplan and costs of 
the holding expert. More particularly, a test will be 
performed to determine whether the subplan and costs which 
will be determined by the holding expert will be the same as 

25 that already determined for another "equivalent" node. If 
such is the case, the subplan and costs will be identical to 
that "equivalent" node, and it is unnecessary to again query 
the holding expert for such information which would result in 
an unneeded use of time. If it is determined at step S68 that 

30 an equivalent node was found, then the process proceeds to 
step S70, where the subplan and costs are copied and 
associated with that successor node nj. However, if an 
equivalent node is not found in step S68, the process proceeds 
to step S72, where the bend sequence planner will query the 
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holding expert for a proposed subplan, the incremental k cost, 
and the incremental h cost. In performing step S72, as soon 
as a cost of infinity has been evaluated by the holding expert, 
the present successor node n 3 will be aborted- Thus, the 
5 successor node n 3 will be. discarded at the present level of 
the search, and the subplanning and cost assignment process 
will again start with the next available successor node n 3 . 

Once the subplan and costs have been obtained either by 
step S70 or step S72, the process will proceed to step S76 (at 

10 the top of Fig. 23B) , where another test for permutability 
will be performed regarding the tooling expert subplan and 
costs. If an equivalent node is found, as determined at step 
S78, the bend sequence planner will copy the subplan and costs 
corresponding to the equivalent node and associate the same 

15 with the present successor node n 3 . In the alternative, if an 
equivalent node is not found, the process will proceed to step 
S82 where the tooling expert will be queried for a proposed 
subplan, a k cost and an h cost. If a cost of infinity is 
evaluated, the present successor node will be aborted at step 

20 S84. Once the proposed subplan and costs have been determined, 
the process will proceed to step S86, where the bend sequence 
planner will await the results from the holding expert and the 
tooling expert. The process will wait for the results of the 
holding expert and tooling expert queries, since such 

25 information is needed by the motion expert to do its 
subplanning and cost assignment computations. 

In step S88, a test will be performed for the 
permutability regarding the motion expert subplan and costs. 
That is> a test will be performed to^ determine if the subplan 

30 and costs that would be assigned by the motion expert are 
identical to those which have already been assigned to another 
node, the other node thereby being deemed an "equivalent" node 
to the present successor node n 3 being evaluated. If, at step 
S90, it is determined that an equivalent node has been found, 
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the process will proceed to step S92, where the subplan and 
costs of the equivalent node will be copied and thereby 
associated with the present successor node n 3 . However, if an 
equivalent node is not found, the process will proceed to step 
5 S94, where the motion expert will be queried for a proposed 
subplan, a k cost and an h cost. If any of the costs are 
infinity, the present successor node will be aborted, 
proceeding to a next successor node and again commencing 
subplanning and cost assignment for the next successor node. 
10 Assuming that the proposed subplan and costs have been 
obtained, the process will proceed to step S98, where the 
results will be awaited from the motion expert. Additional 
processing may be performed to obtain a subplan and costs 
regarding different aspects of the system which will be 
15 related to performance of the overall bend sequence proposed 
by the bend sequence planner. In this regard, additional 
experts may be provided as indicated by the reference numeral 
S100. For example, Fig. 5A shows a sensing expert. The 
subplanning and cost assignment process could be appropriately 
20 modified to include steps such as testing for permutability, 
querying the additional expert (e.g., sensing expert) for a 
proposed subplan and costs, and, at an appropriate location 
within the process, awaiting the results from the additional 
expert . 

25 once the results from the motion experts have been 

obtained, as determined at step S98, the process will proceed 
to step S102 which is shown at the top of Fig. 23D. In step 
SI 02 the f value for node n 3 will be calculated in accordance 
with the formula fn 3 =(k l +h)„ E +(k , +h) T E+ (k'+h)«. Then, in step 

30 S104, the f value will be adjusted based upon any heuristics 
which pertain to the successor node n 3 . In this regard, if it 
is a desired node, i.e., it has beneficial or desired 
heuristics which say that this node is preferable over other 
nodes, a value will be added to the f value. However, if the 
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node is undesired, a value will be subtracted from the f value- 
Fig. 24 illustrates an example flat workpiece 16, and 
several nodes expanded during the performance of a state-space 
search by the bend sequence planner illustrated herein. 
5 Various costs are shown which are assigned to the nodes 
throughout the search process. As shown, flat workpiece 16 
has two portions a, b which are to be bent to form flanges. 
First flange a is placed in between two tabs c, d. First 
flange a is to be bent along bend line 1, and second flange b 

10 is to be bent along bend line 2. The first node no, i.e., the 
root node, of the search tree corresponds to flat workpiece 16. 
Successor nodes of node n 0 include nodes ni and n 2 , which 
correspond, respectively, to bend lines 1 and 2. In the 
illustrated example, it is assumed that a bend along bend line 

is 1 would be performed with flange a inserted into the die space 
of the bend press, and that a bend along bend line 2 would be 
performed with flange b inserted into the die space. Thus, 
there are no bend twins illustrated in the tree of Fig. 24. 
There is only one node per bend line. 

20 in the event that the bend sequence planner is designed 

to assign bend twin nodes for each bend, the alternate node 
would likely be constrained in the present example. For 
example, it would likely not be possible to perform a bend 
along bend line 1 by inserting flange b into the bend press, 

25 since flange a is very short, and thus cannot be grasped by a 
robot gripper during execution of the bend. 

At the first level of the search, two successor nodes ni 
and n 2 are generated as successor nodes. In forming these two 
nodes, the bend sequence planner may ask each of the holding 

30 expert; tooling expert, and motion expert for the incremental 
cost (i.e., h and k costs) corresponding to that node. For 
example, the costs that are assigned to node nj are 
illustrated in the box corresponding thereto as shown in Fig. 
24. A holding expert assigned a k cost (i.e., the cost that 
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it takes to move from the parent node n 0 to the present node) 
of 0. This signifies that a grip location can easily be found 
on workpiece 16/ and that there is need to reposition the grip 
of the robot on the workpiece before performing bend 1 as a 
5 first bend in the bend sequence. The holding expert further 
assigned an h cost of 30. The number 30 represents an 
approximate amount of time (30 seconds) which it will take to 
reposition the gripper's grasp on the workpiece 16 (i.e., to 
perform a repo) . This value represents that the holding 

10 expert has predicted that one repo will be needed in order to 
complete the bend sequence associated with workpiece 16. The 
h cost is a predicted cost to complete the bend sequence from 
the present node to the final goal node. 

The costs assigned by the tooling expert include a k 

15 cost of 600 and an h cost of 600. The k cost is the 
incremental amount of time (due to tooling) associated with 
performing the bend of that node. In this case, in order to 
perform the bend of bend line 1, a first stage must be placed 
on the die rail of the bending workstation. An approximated 

20 time for installing the first stage is 600. Accordingly, the 
incremental k cost (for tooling) from no to n x is 600 seconds. 
The predicted additional cost frpm node ni to the goal node 
(i.e., the h cost for tooling) is calculated to be the time 
needed to install one additional stage, and thus is 600 

25 seconds. 

The costs assigned by the motion expert include an 
incremental k cost of 5 (an estimated 5 seconds), equal to an 
approximated robot travel time in moving from no to node n x . 
The costs assigned by the motion expert further include a 
30 predicted future h cost of 15 seconds, which is equal to a 
running average of all k costs evaluated so far (since no) 
multiplied by a summation of the number of remaining bends and 
twice the number of predicted repos: h = k A vc [number of 
remaining bends + (number predicted repos) (2) J . The number of 
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predicted repos is multiplied by 2, since two movements are 
required per repositioning. One movement is required to take 
the robot from a present stage to the repo gripper, and a 
second movement is required to reposition the robot gripper' s 
5 hold on the part. The k value for the next node is calculated 
based upon the amount of time that it takes to move from the 
repo gripper to the appropriate stage for the next bend. 

The alternate node at the first level of the search is 
node n 2 . This node corresponds to bend line 2. The 

io incremental costs include k and h costs assigned by the 
holding expert, k and h costs assigned by the tooling expert, 
and k and h costs assigned by the motion expert. The k and h 
costs assigned by the holding expert are 0 and 30 respectively. 
The holding expert assigns a k cost of 0, because no 

15 repositioning is necessary to go from node n 0 to node n 2 . 
However, a holding h cost of 30 is assigned because one repo 
is predicted to be necessary in order to complete all of the 
bends of the bend sequence, i.e., to get to the goal node. 
This becomes apparent when viewing workpiece 16. Depending on 

20 which bend is done first, since the bends are on opposite 
sides of the workpiece 16, it will be necessary to reposition 
the robot's grasp on workpiece to be at the other side of 
workpiece 16 in order to perform the other bend. Further, 
since the workpiece is somewhat narrow, it would not be 

25 possible to locate the robot gripper at either the left or 
right sides of workpiece 16 so that the workpiece can be 
grasped at the same location for both bends. If the robot 
gripper was positioned at one of the sides of workpiece 16, 
robot gripper would likely collide with the tooling (the punch 

30 tool) of the bend press when the die is raised to perform the 
bend . 

The k cost assigned by the tooling expert again is 600, 
since the bend, being the first bend introduced in the search, 
will require at least one stage. 600 seconds is an 
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approximated time for installing a stage, and thus is assigned 
as the incremental k cost to go from node n 0 to node n 2 . The h 
cost assigned by the tooling expert is 600, since a predicted 
additional stage will be necessary to go from node n 2 to the 
goal node. The motion expert assigns a k cost of 4, and an 
estimated h (future) motion cost of 12. The k cost assigned 
by the motion expert for node n 2 is less than the k cost 
assigned for node ni . This is because bend line 2 is longer 
than bend line 1, and thus requires a larger stage. In a 
typical bending workstation, such as the Amada BM100 
workstation illustration in Fig. 1, it is preferred that 
longer stages be placed in the center of the die rail, and 
that shorter stages be placed off to the sides. Thus, to go 
from an initial position before any bends are performed (at 
node n 0 ) to a center stage would require less movement by the 
robot than moving to a stage set off to the side of the die 
rail. Accordingly, the calculated robot travel time, without 
regard to the collisions, from the loader/unloader (L/UL) to 
the center stage in performing bend 2 is estimated to be 4 
seconds, and less that it would take to get a stage positioned 
at the left side of the die rail which is where the smaller 
stage would be placed along the die rail. Since the h cost is 
calculated as a function of the present running average of the 
k cost calculated so far, the h cost is also a lower value of 
12 seconds. 

At the first level of the search, the respective total 
incremental costs performing bends 1 and 2, respectively, are 
1250 and 1246. Accordingly, node ni has a total incremental 
cost of 1250, and node n 2 has a total incremental cost of 1246, 
the total cost being assigned by each of the experts queried 
by the bend sequence planner. 

It is noted that the only two nodes at the first level 
of the search included a node for performing bend 1, and a 
node for performing bend 2 (nodes n x and n 2 ) . The first level 
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did not include a node for performing a repo. This is because 
the search is constrained so that the first bend to be 
performed at the first level after the root node does not 
include a repo. It would be unnecessary for a repo to be 
5 performed as a first step in the bend sequence, since the 
robot gripper can be placed anywhere at the start to 
correspond to any particular bend. However, at the next level 
of the search, a repo is included as a possible node, in 
addition to the one or more bends which comprise the rest of 

10 the bends leading to the goal node. Accordingly, the next 
level of the search includes nodes n 3 which corresponds to 
bend 1, and n 4 which corresponds to a repo before performing 
the next bend in the bend sequence. At node n 3 , upon being 
queried by the bend sequence planner, the holding expert 

is assigns a cost of infinity, since there are no available grasp 
regions that were used in performing bend 2 that can also be 
used to perform bend 1. If there was a grasp region that was 
used in order to perform bend 2 that could also be used to 
perform bend 1, then the robot gripper could be placed within 

20 that intersecting region, and the repositioning of the gripper 
would not be necessary when going from the completed bend 2 to 
bend 1 (i.e., from node n 2 to node n 3 ) . However, in this case, 
the holding expert has determined that there is no such 
intersection of grasp regions, and thus the incremental k cost 

25 for holding is infinity. The predicted h cost is not even 
relevant, nor are any of the other costs which might be 
assigned by the other experts such as the tooling expert and 
the motion expert, since bend 1 cannot be performed at the 
present point in the bend sequence, without first performing a 

30 repo. Thus, node n 3 is no longer considered, and the bend 
sequence planner proceeds to the repo node n 4 , and queries the 
respective experts for their assigned costs associated with 
that node. 

After repo node n<, the holding expert assigns "a k cost 
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of 30, which signifies that approximately 30 seconds will be 
needed to perform a repo at the present point in the bend 
sequence. A predicted h cost of 0 is assigned by the holding 
expert, since it is predicted that no additional repos will be 
5 needed between the present node n 4 to the goal node. After 
the holding expert assigns its cost, the tooling expert, upon 
being queried by the bend sequence planner, assigns a k cost 
of 600, which equals the approximate time (600 seconds) to 
install an additional stage which will be needed in order to 
10 perform bend 1 (along bend line 1) , since the stage which was 
utilized to perform bend 2 (which has a length equal to the 
length of bend line 2) cannot be used to perform bend 1 since 
such a stage cannot fit between tab portions c and d of 
workpiece 16. No additional predicted stages or tooling 
is change is expected by the tooling expert; and accordingly, the 
tooling expert assigns an h cost of 0 to be associated with 
node n«. It is noted that the tooling expert may initially 
determine a total initial h cost based upon the total amount 
of predicted stages that will be needed to perform the 
20 complete bend sequence, either at an initial point in the 
search before performing the search. In the present example, 
a total initial h cost is calculated to be 1200, since two 
predicted stages have been predicted to be necessary to 
perform bends 1 and 2 on workpiece 16. Throughout the search, 
25 the k cost is either 0 (with no extra stages needed) or 600 
(if an additional stage is needed for the bend corresponding 
to the present node) . The h cost for a given node is equal to 
the total initial h cost minus all of the preceding and 
current k costs leading up to and including the given node. 
30 Accordingly, for node n,, since the preceding k cost leading 
to xu was 600, and the present k cost for ru is 600, the h 
cost is 1200 - 600 - 600 » 0. 

The cost assigned by the motion expert to correspond to 
node n 4 include a k cost of 8 and an h cost of 4. The k cost 
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is estimated to be twice the average preceding k cost, since 
two motions are needed in order to perform a repo. One 
movement is needed to take the workpiece from a stage at which 
the workpiece was left from a previous bend to the repo 
gripper, and the second movement is to move the robot gripper 
to the repositioned location while the repo gripper is 
grasping workpiece 16. The predicted h cost assigned by the 
motion expert for a repo node is the predicted additional 
costs needed to perform all future movements in the bend 
sequence. In this case, h is estimated to be the h value 
calculated for a previous node n 2 minus the present k cost, 
and thus is estimated to be 4 seconds for node n 4 . The total 
incremental costs are then added to the total of all previous 
k costs preceding that node (in this case repo node n*} . Thus, 
all the incremental associated with node n< are added to a 
total previous k costs of 604 which were previously calculated 
in association with node n 2 , to obtain a total cost value of 
1246. 

The bend sequence planner will, in performing its state- 
space search, thus choose n 4 as the best node and will proceed 
with expanding that node to form its successor nodes. The 
successor nodes of repo node ru include node n 5 . In this case, 
node n 5 is the goal node, since it results in the workpiece 16 
having all of its bends completed to form a 3D part. The 
costs determined by the relative experts include a presumed 
holding k cost of 0, a calculated tooling k cost of 600, and a 
calculated motion k cost of 4. Since the present node n 5 is 
known to be the goal node, no h costs are calculated. The 
previous total k costs 642 seconds. Accordingly, 642 is added 
to the k cost for tooling of 600 and the k cost for motion of 
4 to be equal a total f value of 1246. Such an f value is the 
cheapest f value among the nodes still left on OPEN. 
Accordingly, this node will be checked to see if it is a goal 
node, and if it is a goal node, the solution path will be 
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generated to include (in order) bend 2 which corresponds to 
node n 2 , a repo which corresponds to node n 4 , and bend 1 which 
corresponds to node n 5 . 

(d) pprmutabilirv Determination 
5 As described above, in connection with Figs. 23A-23D, 

before asking an expert for the costs associated with a 
particular node, a test is performed for the permutability of 
that node regarding the subplan and costs for each expert. 
For example, in step S66 shown at the top of Fig. 23A, a test 

10 is performed for the permutability of a particular successor 
node nj to determine if it is merely a permutation of another 
node, and thus has an equivalent set of subplan and costs. If 
this is the case, it would be wasteful to again ask the 
holding expert for a proposed subplan and associated k and h 

15 costs, since these parameters are already known, and can be 
obtained by merely referring to the other equivalent nodes. 
Fig. 26 illustrates a graph of compared histories of nodes b6 f 
and b6, which have been generated by the bend sequence planner 
in performing its state-space search. Assuming that the 

20 subplanning and cost assignment process of the bend sequence 
planning algorithm was being performed on a particular node b6, 
at each of steps S66 (Fig. 23A) , S76 (Fig. 23B) , and S88 (Fig. 
23C) , a test will be performed for the permutability of that 
node with any other nodes in the search tree regarding the 

25 holding expert's subplan and costs, the tooling expert's 
subplan and costs and the motion expert's subplan and costs, 
respectively. In testing whether or not a node is a mere 
permutation of another node within the search tree, a node 
such as node b6 illustrated in Fig. 26 will be compared to 

30 another node in the search tree, such as node b6', also 
illustrated in Fig. 26. In making the comparison, the history 
of node b6, which includes nodes b2, rl, b4, b3, r2, and b5, 
is compared to the history of b6 ! , which includes b2', rl f , 
b3', b4 f , r2' and b5 f . 
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Depending on the particular implementation of the bend 
sequence planner and the particular calculations made by each 
of the experts, the method to be used to determine whether one 
node is a permutation of another will vary. However/ an 
5 analysis can be performed of the various permutations of nodes, 
and the various subplans and costs that can be associated with 
each node at various levels of the search, in order to 
determine under what conditions a node is a mere permutation 
of another node in the search. Based upon the results of the 

10 analysis, an appropriate method may be formed for determining 
whether a node is a permutation of another node, in terms of 
the subplan and costs assigned for the node. Thus, while the 
above-described examples have been given for determining the 
permutability of a node regarding the subplan and costs 

is assigned by the holding expert and the motion expert, 
respectively, alternative methods may be used depending upon 
particular variations and implementations of the bend sequence 
planner and the experts of a system. A similar method can be 
provided for determining whether or not a node is permutable 

20 with another node in terms of the subplan and costs assigned 
by a motion expert. Thus, a specific embodiment for making 
that determination is not described in detail herein. 

3 - Expert — Modules r Sufeplanninqr and Dialogue Between 

Modules 

25 Figs. 29-31 respectively include charts which depict the 

dialogue between the bend sequence planner and the holding 
expert, tooling expert, and motion expert of the illustrated 
embodiment planning system 71 as shown in Fig. 5A. Referring 
to Fig, 29, which illustrates the dialogue between bend 

30 sequence planner 72 and holding expert 82, several query 
arrows Ql, Q2, Q3, Q4 and Q5 are illustrated to represent a 
query message being forwarded from the bend sequence planner 
72 to holding expert 82. In addition, several response arrows 
Rl, R2, R3, R4, and R5 are illustrated to represent response 
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messages from holding expert 82 to bend sequence planner 72. 
While the queries and responses are indicated in Fig* 29 with 
consecutive numbers from 1 to 5, this is not meant to indicate 
that there could not be additional queries and responses, in 
between, before, or after the queries and responses 
illustrated in Fig. 29. Rather, these numerals are merely 
provided to facilitate the description of the dialogue between 
the modules as shown in Fig* 29. 

At some point before commencing its search (e.g., at 
step S30 as illustrated in Fig. 22A) , bend sequence planner 72 
forwards an initial query Ql to holding expert 82, which 
includes, among other things, a start command, and a file name 
for the part to be produced. This query Ql would be forwarded 
utilizing a VERB "plan ..." (which is utilized to initialize 
a module for planning a part). Upon receipt of query Ql, the 
holding expert then performs an input operation indicated by 
II, which includes reading an appropriate file which includes 
geometric, topological, feature information, and other 
information regarding the parts to be produced. After the 
part is read, initial planning steps will be performed, as 
indicated in block PI. More particularly, holding expert 82 
will perform gripper selection, which includes picking a robot 
gripper, and which includes picking a temporary repo gripper. 
In addition, holding expert 82 will predict the minimum number 
of repos that will be needed to complete the overall bend 
sequence. After performance of the initial planning steps in 
PI/ holding expert 82 then sends the resulting information 
back to bend sequence planner 72 via a response Rl. The 
response includes a savelist which includes a list of names of 
attributes to be saved by bend sequence planner 72. The 
savelist further includes, along with each attribute name, the 
parameters and values accompanying each attribute to be saved 
by bend sequence planner 72. The attributes to be saved by 
bend sequence planner 72 at this point include the selected 
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robot gripper, the temporarily selected repo gripper, and the 
values indicative of the minimum predicted number of repos 
which will be necessary to complete all of the bends of the 
bend sequence. 

5 After response Rl (e.g., in step S38 of the bend 

sequence planning process illustrated in Fig. 22B) , the search 
is started. After commencing the search, a query Q2 is sent 
to holding expert 82 (e.g., at step S72 of the bend sequence 
planning process illustrated in Fig. 23A) . The query Q2 

10 includes bend sequence information, and a request for a 
proposed subplan, a k cost and an h cost associated with that 
particular node. In this regard, a "get" FEL command may be 
utilized to perform this query. After receipt of query Q2, 
holding expert 82 will then perform planning steps indicated 

is in block P2, which include predicting the number of repos 
which will be needed after performance of the presently 
proposed bend- related operation, determining the grasp 
location (i.e., the location at which the robot should grasp a 
workpiece in order to perform the presently proposed bend) , 

20 and potential repo locations (for the repo gripper' s grasp on 
the workpiece), and will also determine k and h costs 
associated with the particular proposed bend-related operation 
(which would include either a bend or a repo) . Once all the 
planning is performed in block P2, holding expert 82 will then 

25 respond with a response R2 to bend sequence planner 72, the 
response including the k and h costs, a subplan, and various 
attributes which will be saved by bend sequence planner 72 as 
specified in a savelist forwarded by holding expert to bend 
sequence planner 72. If the presently proposed node is not a 

30 repo node, k will either be equal to 0 or infinity, 0 
indicating that no repo is necessary at the present node, and 
infinity indicating that there are no available places for the 
robot to grasp the workpiece without first performing a repo. 
The h value will be equal to 30 (an estimated amount of time 
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it takes to perform a repo) times the predicted number of 
repos from the present node to the goal nodes. If the present 
node is a repo node, k will be equal to 30, if the repo is 
possible, or infinity if a repo cannot be performed at the 
5 present level of the search for the present node. The h cost 
will be 30 times the predicted number of repos which will need 
to be performed after performance of the present node bend- 
related operation. 

After performance of processing in relation to query Q2 
10 and response R2, bend sequence planner 72 will then query 
various other experts including tooling expert 80 and motion 
expert 84, in order to obtain their respective subplans and 
costs, and repeatedly will query each of the experts in 
association with each node generated during the search in 
order to form a complete bend sequence plan which includes 
nodes from the start node to the goal node. Once the search 
has ended and a solution has been obtained, bend sequence 
planner 72 will forward another query Q3 to holding expert 82 
which includes a request for the suction cup plan, again 
utilizing the "get" verb of FEL. In response to query Q3, 
holding expert 82 will perform suction cup planning as 
indicated by block P3. Suction cup planning will include a 
determination of what locations along the workpiece 
loader/unloader may place its suction cups during loading and 
unloading of the workstation. Once the suction cup planning 
has been completed, holding expert 82 will respond with 
response R3 to bend sequence planner 72. Bend sequence 
planner 72 will subsequently again query, by query Q4, holding 
expert 82, for the final repo gripper that will be used and 
the location of the repo gripper on the workpiece for various 
stages of the bend sequence. The "get" verb of FEL may be 
used for this query. After receipt of query Q4, holding 
expert 82 will perform the planning indicated in block P4, 
which includes repo planning to be performed after the search. 
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In performing the repo planning after the search, holding 
expert 82 chooses a true' repo gripper to be utilized in 
execution of the resulting bend sequence plan, and finalizes 
the repo position based upon the chosen repo gripper. After 
completion of the repo plan after the search, holding expert 
82 will forward a response R4 to bend sequence planner 72. 
Thereafter, in query Q5, bend sequence planner 72 will further 
query holding expert 82 for a backgage plan. Accordingly, 
holding expert 82 will perform backgage planning as indicated 
by block P5, and will respond to bend sequence planner 72 with 
the appropriate backgage plan in response R5. 

Once all the planning has been performed by holding 
expert 82, including the final planning after the search, bend 
sequence planner 72 will have queried the motion expert 84 for 
its final plan information, and will await, before execution 
of the plan, the results of the final motion plan from motion 
expert 84. After receipt of the final motion plan from motion 
expert 84, bend sequence planner 82 will then proceed to 
forward the final plan to sequencer 76. 

In the illustrated dialogue between bend sequence 
planner 72 and tooling expert 80 in Fig. 30, several queries 
are illustrated from bend sequencer planner 72, indicated by 
query lines Qll, Q12, and Q13, and several responses are 
illustrated by response line Rll, R12, and R13. As indicated 
by the first query line Qll, at some point in time before 
commencing its search (e.g., at step S32 in the bend sequence 
planning process illustrated in Fig. 22A) , bend sequence 
planner 72 will command tooling expert 80 to start its 
processing, and will forward the name of the part to be 
produced with the use of a "plan" verb in FEL. Upon receipt 
of query Ql, as indicated by input line 12, tooling expert 80 
will then read an appropriate part file. Subsequently, 
tooling expert 80 will perform various planning steps as 
indicated by blocks Pll, P12 and P13. These planning steps 
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include selection of a tool profile, bin-packing, and 
performing a calculation of an initial h value (which 
corresponds to the total number of predicted stages that will 
be needed to perform all of the bends of the bend sequence) . 
5 The bin-packing algorithm comprises the selection of tool 
segments that will together add up to the appropriate stage 
length for each stage to be utilized by the bending 
workstation in performing the bends of the bend sequence. 
Once all of the appropriate plan information is gathered in 

10 planning blocks Pll, P12, and P13, tooling expert 80 will 
respond as indicated by response line Rll, to bend sequence 
planner 72, and will indicate to bend sequence planner 72, via 
a savelist, various attributes to be saved. Subsequently 
(e.g., at step S38 in Fig. 22B) , the bend sequence planner 72 

15 will commence it search. Once the search is commenced, and 
after the information has been gathered from holding expert 82, 
bend sequence planner 72 forwards a query Q12 to tooling 
expert 80, which includes the bend sequence at that point of 
the search and a query for the subplan and associated k and h 

20 costs. The verb "get" in FEL is utilized for this query. 
Tooling expert 80 then performs planning steps, as indicated 
by planning block P14, which include picking of a stage length 
to correspond to a bend and a location along that stage where 
the bend should be performed, arranging the stages, 

25 calculating the k and h costs, and performing fine motion 
planning. Then, tooling expert 80 responds to bend sequence 
planner 72 via response R12, and forwards the k and h costs 
and the associated subplan information to bend sequence 
planner 72. A savelist is also included in response R12 which 

30 indicates information and attributes that should be saved by 
the planner. Subsequent queries and responses may be 
exchanged throughout the search, with tooling expert 80 and 
with other experts 82 and 84 before the search is finished. 
Once the search ends and a solution has been found (e.g., in 
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step S56 in Fig. 22D of the bend sequence planning process), a 
query Q13 instructing the tooling expert to finalize will be 
forwarded to tooling expert 80. Tooling expert 80 will then 
perform its appropriate final processing, and return, via 
5 response R13, any final information to bend sequence planner 
72. Subsequently, bend sequence planner 72 requests final 
information and final processing to be performed by motion 
expert 84 and will await the results thereof. Once the final 
motion planning results have been obtained by motion expert 84, 

10 bend sequence planner 72 will compile all information to form 
a final plan, and will forward the same to sequencer 76. 

As illustrated in Fig. 31, bend sequence planner 72 
communicates with motion expert 84 before, during and after 
performing a search, in the form of queries and responses 

is which may include the queries indicated by query lines Q21, 
Q22 and Q23, and respective response lines R21, R22 and R23. 
Initially (e.g., as indicated at step S34 in Fig. 22A) , a 
first query Q21 may be forwarded to motion expert 84 which 
includes a start command, and the name of the part to be 

20 produced. Upon receipt of query Q21, motion expert 84 will 
then input the appropriate part file and a channel file which 
represents all of the free space channels through which the 
part and the robot may be manipulated in performance of the 
various bends and operations of the bend sequence. This input 

25 is indicated by 13. Thereafter, motion expert 84 will send a 
response R21 to bend sequence planner 72, indicating, 
essentially, that the information was read in and 
acknowledging that it is ready for the next query by bend 
sequence planner 72. Sometime thereafter (e.g., at step S38 

30 in Fig. 22B) , the state-space search of the bend sequence 
planner 72 will commence. Then, bend sequence planner 72 will 
query holding expert 82 for various information while 
performing the first level of the search, then query tooling 
expert 80, and thereafter send a query Q22 to motion expert 84. 
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Query Q22 includes information about the bend sequence, the 
gripper location and the bend locations on the stages (in the 
form of a bend map) . This query may be sent to motion expert 
84 by using a "get" verb in FEL. Upon receipt of query Q22, 
5 motion expert 84 will perform processing in processing block 
P21, and thus will develop a subplan and determine the k and h 
costs for performing the bend proposed by bend sequence 
planner 72 at that particular point in the bend sequence. The 
resulting k and h costs and subplan are returned to bend 

10 sequence planner in response R22. Afterward, additional 
processing by other experts 80, 82, and by motion expert 84 
may be performed in order to complete the search. 

Once the search has ended and the solution has been 
obtained, bend sequence planner 72 will send an additional 

is query Q23, which includes a finalize command. With query Q23, 
bend sequence planner 72 will forward information to motion 
expert 84 so that motion expert 84 may perform all final 
planning operations. Such forwarded information would include 
the bend sequence, the gripper locations for each bend in the 

20 sequence, the repo locations for each repo to be performed, 
the bend maps corresponding to the bends of the bend sequence, 
and all fine motion plans which have been developed by tooling 
expert 80, in order to bring the workpiece into and out of the 
die space when performing each bend in the bend sequence. 

25 Motion expert 84 utilizes that information to perform the 
processing indicated in processing block P22. More 
particularly, motion expert 84 will figure out the various 
starting and finishing points in order to develop a gross 
motion plan. A search algorithm is then performed in order to 

30 form paths between the gross motion starting and finishing 
locations. Then, the resulting gross motion paths are linked 
with the fine motion paths so that a complete motion scheme is 
formed, commencing with acquiring the workpiece from the 
loader/unloader during loading of the workstation, bringing 
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the workpiece to each of its bends, and finally bringing the 
finished workpiece to the loader/unloader to be unloaded from 

the workstation. 

The complete motion plan is then returned to bend 
5 sequence planner 72 in a response R23. Once the complete 
motion plan has been received by bend sequence planner 72, 
bend sequence planner 72 may compile the complete plan, and 
forward the same to sequencer 76 for execution. 

Fig. 32 illustrates a flow chart of an example process 

10 for performing robot gripper selection. This process is 
performed, e.g., in planning block PI in Fig. 29. In a first 
step S128, a library of grippers is read in. Then, in step 
S130, the process prunes obviously bad grippers, e.g., if they 
have certain dimensions which are inappropriate for the type 

is of work being performed by the bending workstation. In step 
S132, a minimum number of repos for each gripper is predicted. 
Thereafter, in step S134, the one or more grippers having the 
smallest predicted number of repos is selected. Then, in step 
S136, among the selected grippers, all of the grippers having 

20 the largest width are selected. Among the remaining grippers, 
those with the smallest length from the tool center point to 
the front tip of the gripper, are selected. Among those 
selected grippers, the grippers with the shortest knuckle 
height are selected. If there is only one gripper having the 

25 largest width among the selected grippers, then that gripper 
will be selected and no further determination is needed as to 
the length of the gripper or as to the knuckle height of the 
gripper. Similarly, if several grippers have the largest 
width among the select grippers, but only one gripper has the 

30 smallest length, then that gripper will be selected and no 
further determination will be needed as to the knuckle height 
of the gripper. If there are several grippers left that have 
an equal shortest knuckle height, as determined in step S136, 
then any one of those grippers may be chosen. Thereafter, in 
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step S138, the chosen gripper is returned to the holding 
expert . 

As illustrated in Fig. 32, a prediction must be made as 
to the minimum number of repos needed for each gripper in step 
5 S132. Such a prediction of the minimum number of repos, 
before the search, can be performed by utilizing the exemplary 
process illustrated in Fig. 34A. The goal of the process 
depicted in Fig. 34A is to, for a given robot gripper and a 
given part, predict the minimum number of repos that will be 
io needed in order to form the complete 3D part. Among the 
information utilized. In order to perform the prediction, 
information is needed regarding both the 2D part, and 3D part 
(the completely formed bent part) . In a first step, discrete 
points are generated around a periphery of a part of a 2D 
15 representation of the part. Such discrete points, located a 
set distance from the edge of the part, are illustrated in Fig. 
33A. The granularity shown in Fig. 33A is merely for the 
purpose of explanation of the algorithm, and does not 
necessarily reflect a preferred granularity. The granularity 
20 of the discrete points may be varied in order to obtain an 
optimum accuracy, while not sacrificing the speed of the 
search process. 

Assuming a grasp position at a first one of the discrete 
points, a bend set including all of the possible bends for 
25 that robot grasp position will be identified in step S142, 
assuming that the part is still flat, (in 2D) and that the 
part is at the L/UL. This is repeated for each discrete point 
around the periphery of the 2D part 16a (e.g., as shown in Fig. 
33A) , and all bend sets for each corresponding robot grasp 
30 point are identified. 

Thereafter, in step S144, a determination is made as to 
the minimum number of unions of the bend sets determined in 
step S142 that will form a complete set of bends (i.e., all of 
the bends of the bend sequence) . This minimum number of 
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unions will be identified as a 2D minimum number of repos R2. 
Thereafter, in step S146, the discrete points are generated 
around the periphery of a 3D part 16b (e.g., as shown in Fig. 
33B). It is noted that the granularity shown in Fig. 33B is 
5 only shown by way of example, and does not necessarily 
represent the preferred granularity for performing the present 
algorithm. The appropriate granularity for the generation of 
points around the outer periphery of the part may be modified 
in accordance with the desired accuracy and speed of the 

10 algorithm. For each point generated around the periphery of 
3D part 16b, the corresponding bend set (i.e., all of the 
possible bends that may be performed when the robot is 
grasping the part at that location) is identified, thereby 
identifying all of the bend sets for all of the discrete 

15 points around a periphery of 3D part 16b. Then, proceeding to 
step S150 (in Fig. 34B) , the minimum number of unions required 
to get a complete set of bends (i.e., all of the bends of the 
bend sequence) is determined, and is called R3 which 
represents the minimum number of 3D repos. In performing step 

20 S148, all of the possible sets of bends in grasping at the 
respective discretized X positions on 3D part 16b are formed 
assuming a particular gripper, and further assuming that the 
3D part is located at the repo station. At step S152, the 
values R2 and R3 are returned to the algorithm for selecting 

25 the robot gripper (e.g., as disclosed in Fig. 32) and to the 
holding expert. The value R3 represents an upper bound number 
of predicted repos, since it is more difficult to hold the 
workpiece when it is completely bent, i.e., a 3D part, than it 
is to hold the workpiece in performing bends when it is a flat 

30 part. The value R2 represents a lower bound number of 
predicted repos. The selection of robot gripper algorithm and 
the holding expert may each utilize either the lower value R2, 
the upper value R3, or a combination of the two in performing 
their calculations and determinations. For example, for 



79 



WO 96/15481 PCT/JF9S02291 

purposes of choosing a robot gripper (in step S134 shown in 
Fig. 32), the lower number R2 may be first considered. If 
there are more than one grippers with an equal smallest 
predicted number of repos R2, but with different values R3, 
5 then the grippers with the smallest value R3 may be selected. 
These selected grippers, if more than one, would then be 
further evaluated in accordance with step S136, as shown in 
the flow chart of Fig. 32. 

Fig. 35A illustrates a process for predicting the 

io minimum number of repos which can be used during the search. 
The algorithm for predicting the minimum number of repos used 
before the search did not include an evaluation of 
intermediate parts, in order to save time. In order to have 
better accuracy throughout the search, the algorithm depicted 

15 in Fig. 35A also considers a formed intermediate part, and the 
variations of the part as it moves throughout the various 
bends . 

In a first step S154, an intermediate part is formed, by 
calling an appropriate function in a geometric modeling 

20 library. The intermediate part includes all of the bends in 
the bend sequence so far up to the present node of the search. 
Thereafter, in step S156, discrete points are generated around 
the periphery of the intermediate part, in a manner similar to 
that described in the process of Figs. 34A-34B, and in a 

25 manner similar to that illustrated in Figs. 33A and 33B. Once 
the discrete points are generated, in step S158, a bend set is 
determined for each grasp location point. In other words, a 
determination is made as to all of the possible bends that may 
be performed while the robot gripper is grasping the part at 

30 each discretized point. In step SI 60, a determination is made 
as to the minimum number of unions of the bend sets generated 
in step S158 needed to form a complete set of bends (i.e., all 
of the bends of the bend sequence). This number is called Ri. 
Once the value Ri is determined, then, in step SI 62, discrete 
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points are generated around the periphery of the 3D part. A 
bend set (i.e., the possible bends that may be performed for 
each gripper position along the discretized points) is then 
identified in step S164(see Fig. 35B) . The minimum number of 
unions of the bend sets is then determined which would be 
necessary to form a complete set of bends (i.e., all of the 
bends of the bend sequence) . That minimum number of unions is 
referred to as R3. Then, in step S168, a low h cost Ri(c) and 
a high h cost R3(c) are assigned and returned to the planner. 
The cost values Rite) and R3(c) are estimates of the amount of 
time it takes to perform a repo times the minimum number of 
repos (Ri and R3, respectively) . Instead of sending the low h 
cost and high h cost as noted in step SI 68 to the holding 
expert, the process for predicting the minimum number of repos 
is during the search may send the values Ri and R3 themselves. 

Fig. 36A illustrates an example process for determining 
the robot grasp locations, as performed in planning block P2 
in the chart depicted in Fig. 29 by holding expert 82. In a 
first step, S170, an intermediate part (having the bends 
20 corresponding to the present node of the state-space search of 
the bend sequence planner) is constructed. Thereafter, in 
step S172, all edges which are not appropriate for grasping 
are rejected. For example, an edge may be rejected if it is 
not a face which is parallel to the robot's XY plane. In 
25 addition, an edge may be rejected if it is inaccessible by the 
robot gripper when the part is loaded in the die space. In 
addition, the edge may be rejected if the edge is too close to 
the die, so that the robot would collide with the tooling 
before and/or during the bend operation. The edge may also be 
rejected if grasping the workpiece on such an edge would cause 
the robot to be outside of its work- space. 

For each non- rejected edge, the steps following step 
S172 are performed (shown in Fig. 36A) . In step S174, for 
each non-rejected edge, every vertex is transformed from sheet 
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coordinates to edge coordinates. In this regard, by way of 
example/ an illustration is provided in Fig. 37 in order to 
define an example set of sheet coordinates X a and Y 9 on a 
workpiece 16 having bend lines 1, 2, 3, and 4, which may be 
transformed to edge coordinates X. and Y« which correspond to 
the edge of worJcpiece 16 which is next to bend line 1. 

In terms of edge coordinates, each edge is discretized 
ties into points along the X axis in step S176. Thereafter, 
in step S178, for each discretized ties point, X p/ grasp lines 
are generated which extend along the Y axis. In order to 
generate the grasp lines along the Y axis, several process 
steps are performed. For example, referring to Fig. 38, for a 
discretized point Xp, a (broken) grasp line 306 is formed 
along the Y axis. For the discretized ties point x p , an 
initial Y value Ys is proposed which is set at a distance from 
the edge (e.g., 3 mm). It is assumed that the gripper is 
oriented to be normal to the X axis in edge coordinates. A 
determination is then made as to whether or not the point Ys 
is out of the robot's work space, while the workpiece is at 
the loader, the repo station, or at one of the stages. If 
this is the case, a new point along a line corresponding to 
the discretized ties point Xp and normal to the edge is found 
that is within the work space. For the first valid Yp, a 
determination is made as to whether Yp is beyond the gripper' s 
maximum reach. If so, the value Yp is rejected. In addition, 
a determination is made as to whether or not the gripper can 
make good pad contact with the part if the gripper is at the 
position Yp. If no good pad contact can be made, the position 
Yp is rejected. New values for Yp are proposed, until line 
306 reaches a first maximum location at which the robot can 
grasp the part, that first maximum position being Yf. This 
distance is defined by the fact that pads cannot have good 
contact any more due to holes or due to a boundary in the part. 
For example, a maximum position Yf is found right before a 
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first hole 307 in the workpiece 16 shown in Fig. 38. The next 
viable or potential Yp is then found along the line running 
perpendicular to the edge and is defined as a new initial or 
starting position Ys f . Y values Yp are then proposed and 
5 tested until an additional final position Yf 9 is found due to 
limits because the pads cannot have good contact or due to the 
fact that the part has a boundary at that location. Thus, as 
shown in the workpiece in Fig. 38/ Yf f is determined to be 
just before second hole 308. This process is repeated until 

10 the end of the line 306 reaches the gripper f s maximum reach or 
the boundary on the opposite side on workpiece 16. Thus, an 
additional line segment extending from Ys lf to Yf" is generated. 

Once the grasp lines have been generated for each 
discretized point Xp, later in step S180 (see Fig. 36B) , a 

is common grasp area is defined for the present bend in the 
search, and is defined to be the intersection of the current 
grasp lines with the grasp lines determined for previous bends 
since the last chosen repo in the search. A k cost of 0 is 
assigned if the intersection is not equal to 0, and a k cost 

20 of infinity is assigned if the intersection is 0. This 
signifies that the present bend cannot be performed since the 
grasp areas needed to perform the bend are not common with the 
previous bend. Thereafter, in step SI 82, a temporary grasp 
location is selected within a defined common area. 

25 Whenever it is determined that there is no intersection 

of grasp regions, and thus a repo is necessary, final grasp 
locations are selected for the bends preceding the repo, since 
it is known that the grasp location will not change any 
further for that set of bends. A final grasp location is 

30 selected such that a large repo are is generated. 

Fig. 39 illustrates the evolution of the common grasp 
area as determined throughout a search, as calculated by a 
determined robotic grasp locations process, e.g./ as 
illustrated in Figs. 36A-36B. The grasp area for bend 1 is 
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first determined as illustrated in view A. Then, with bend 1 
having been already performed/ and the corresponding flange 
being bent (indicated by the cross-hatched lines in view B), 
the potential grasp regions which can be utilized to perform 
bend 2 are determined as illustrated in view B. The 
intersection of the regions in views A and B is then 
determined as illustrated in view C. Then, bend 2 is 
performed (indicated by cross-hatched lines in view D) , and 
the total available grasp regions which may be utilized to 
perform bend 3 are determined as shown in view D. To go from 
bend 2 to bend 3, an intersection is made of the regions in 
views C and D, as shown in view E. This signifies that there 
is no different intersecting region and that a repo must be 
done before bend 3 can be performed (as indicated by the 
cross-hatched lines in view F) . The repo is then performed, 
and bend 3 is performed. Before performing bend 4, the 
potential robot grasp regions for that bend are determined as 
illustrated in view F. In order to determine the exact grasp 
position to perform bend 4, an intersection is made of the 
regions in views D and F, as indicated in view G. This is the 
region for the robot grasp location that can be utilized in 
order to perform both bends 3 and 4 . 

Each bend, which has already been performed, is 
indicated by cross-hatched lines being placed on the flange 
that is bent. The grasp regions are indicated by a solid 
black line. 

Fig. 40 illustrates first and second views of a 
workpiece 16, the views showing the grasp line regions 
determined before performing a first bend, and before 
performing a second bend, respectively. As can be seen in Fig. 
40, the grasp line region 309 comprises a certain large area 
of the workpiece 16. The lower view illustrates the 
intersection of the grasp line region (i.e., the grasp area) 
shown in the top view which can be utilized to perform the 
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first bend and a grasp line region (not shown) which may be 
utilized to perform the second bend. Thus, grasp line region 
310 is a small subset of the grasp line region 309, and may be 
utilized as a grasp location to perform both the first bend 

5 and the second bend. 

Fig. 41A illustrates an example embodiment of a process 
for determining the repo gripper locations which will be 
performed during repo planning after the search as indicated 
by planning block P4 in Fig. 29. In a first step S184, an 

io intermediate part is constructed. The edges which are not 
appropriate are then rejected in step S186. For example, the 
process may reject an edge if it does not correspond to a face 
which is parallel to the robot's X-Y plane. For each non- 
rejected edge, the steps following step S186 are performed. 

is In step S188, the intermediate part is transformed from sheet 
coordinates to edge coordinates. Thereafter, in step S190, 
the edge of concern is discretized along the X axis (in a 
manner similar to that illustrated in Figs. 33A and 33B) with 
an appropriate granularity. Then, in step S192, grasp lines 

20 are generated along the Y axis, by generating points along the 

Y axis from a first point Ys (e.g., 3 mm) to the gripper' s 
maximum reach along the line which is placed on the discrete X 
point. For every point along that line, if the repo gripper 
interferes with a previous robot gripper location, that Y 

25 location is rejected. In addition, for each Y position, if 
the repo gripper interferes with any portion of the part, that 

Y position is rejected. In addition, if there is no good pad 
contact between the repo gripper and the part, that Y position 
is rejected. A line is thus drawn as shown in Fig. 38 from an 

30 initial position Ys to a final position Yf which is a first 
maximum position that the repo gripper may grasp the part 
until it hits a boundary portion (e.g., a hole in the part). 
Additional sets of initial and final positions Ys and Yf are 
formed until the repo gripper reaches its maximum reach (e.g., 
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at Yf" as shown in Fig. 38) , in a manner similar to that 
performed in the process for determining the robot's grasp 
locations as disclosed in conjunction with Figs, 36A and 36B. 
A final repo location is assigned (in consideration of 
5 previous and current robot gripper location) when the search 
reaches the goal or another repo becomes necessary. 

Fig. 42 illustrates an example embodiment of the process 
for performing repo gripper selection before the search. This 
may not be actually implemented. In a first step S198, a 
10 library of grippers is read/ and in a second step S200, a 
conservative repo gripper is selected. A conservative repo 
gripper is defined as a gripper which is narrow and short, and 
is capable of holding the part (in either 3D or 2D shapes) . 
The selected repo gripper is a temporary solution, since a 
15 final repo gripper selection will be performed after the 
search is completed. The repo gripper selection after the 
search is illustrated in Figs. 43A-43B. In a first step S202, 
all the intermediate part geometries for the various bends 
throughout the bend sequence are constructed. In other words, 
20 in accordance with the order of bends determined from the 
search, the appropriate intermediate part geometries 
corresponding to each bend within the bend sequence are 
constructed. Then, in step S204, grippers are pruned, which 
are deemed inappropriate due to obvious reasons (e.g., they 
25 cannot grasp a part because of insufficient dimensions). Then, 
in step S206 available repo grippers are identified based upon 
two robot grasp locations which include an initial robot grasp 
location before the repo and a repositioned robot grasp 
location. Each of these positions has been already determined 
30 in the search process. If the previously determined te m porary 
repo position, determined during the search, could be improved 
upon in view of the repo grippers that are identified as 
available, then the position is adjusted. In step S208, if 
there are more than one available repo grippers (after 
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pruning), then the repos with the largest width are selected. 
If there are more than one repo grippers with the largest 
width, then the ones with the smallest length are chosen. If 
there is more than one repo gripper with the smallest length/ 
5 then the one with the shortest knuckle height is chosen. If 
there are several repo grippers with the same smallest knuckle 
height, then any one of those is chosen. Currently/ a repr 
gripper is selected such that it allows a larger robot gripper 
to be selected and it guarentees a successful generation of 
10 repo gripper locations. The width of a repo gripper is 
determined by the dimension of possible area of 3D part for 
grasping. The knuckle height of a repo gripper is determined 
to be taller than the minimum flange height of 3D part. 

As shown in Fig. 30/ in a planning block P12, a bin- 
is packing algorithm is performed before the search is started. 
During the execution of the bin-packing algorithm, a plan is 
produced that specifies how the segments should be put 
together to form each stage in a list of stages to be chosen 
from. Fig. 44 illustrates an example bin-packing algorithm. 
20 In a first step S210 f the process builds a list of bend line 
lengths, and forms a stage length list having stage lengths 
equal to the lengths of the bend lines to be formed on the 
workpiece. In addition, the process builds or reads a list of 
available segment lengths which may be chosen from in order to 
25 form the stages in the stage length list. Then, for each 
different bend line length (i.e., for each stage length) each 
of steps S212 and S214 is performed. In step S212/ an A* 
search is performed in order to determine a combination of 
segments which could be used to form the particular stage. 
30 Then, in step S214/ the process returns a solution set of 
tool/die segments to the tooling experts. 

In performing the A* search, the initial node n 0 is 
expanded to include a plurality of nodes at the first level of 
the search, each of the expanded/ successor nodes at the first 
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level corresponding to one of the available segment lengths 
(i.e., lengths of a tool punch and corresponding die segments). 
For example, if the available tool segment lengths are 10 mm, 
15 mm, 22 mm, 40 mm, 80 mm and 160 mm, the nodes at the first 
5 level would correspond to each of those segment lengths. The 
Jc cost assigned for each successor node is the length of the 
segment corresponding to the present node and the h cost is 
set equal to the length of a remaining portion of the stage 
which is yet to be formed by the segments (i.e., how far the 

10 search process is from the goal) • 

Figs. 45-46 illustrate how the h cost that is assigned 
by the tooling expert throughout execution of the search, and 
forwarded to the bend sequence planner 72 (in response R12, as 
shown in Fig. 30), is calculated. The tooling h cost is 

15 determined as a function of the total number of predicted 
stages that will be needed to perform all of the bends in the 
bend sequence. 

More specifically, hn for n 3 , h initial is an initial h 
cost equal to the total number of predicted stages needed to 

20 perform all bends of the bend sequence multiplied by an 
approximate amo unt of time (e.g., 600 seconds) needed to 
install each stage, and k'rt for n 3 is the summed tooling k 
costs from node no to node n,. In order to determine initial h 
cost (hiMtiai) (the total predicted number of stages) a process 

25 is performed before the search (in planning block P13 in Fig. 
30), as shown in Figs. 45 and 46. A first example workpiece 
is illustrated in the top portion of Fig. 45, and a second 
example workpiece is illustrated in the bottom portion of Fig. 
45. In the first example workpiece, a total of four bends are 

30 to be performed, and the workpiece is to have a total of five 
faces after the bends are performed. In the second example 
workpiece, a total of four bends are to be performed, and the 
workpiece will have a total of five faces after the bends are 
performed. In order to assist in the prediction of the total 
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amount of stages which will be needed to perform the bends, a 
bend "test strip" 370 is laid across each bend line of the 2D 
representation of the workpiece. In each of the examples 
shown in Fig. 45, such a bend "test strip" 370 is laid across 
the bend line which is darkened. 

Fig. 46 illustrates an example flow chart of the steps 
that may be performed in order to determine the initial 
tooling h-cost (h inlt iai)/ which is the total number of 
predicted stages needed to perform all of the bends on the 
workpiece. In a first step S216, a first stage length which 
is equal to the length of the longest bend line is placed 
within the set of assigned stages. Thereafter, a test is 
performed for each bend line, by performing step S218 and the 
steps following step S218 for each bend. In step S218, a 
determination is made as to whether or not an extra stage is 
needed. This is done by placing a narrow "test strip" across 
the bend line in the manner illustrated by the examples shown 
in Fig. 45. If a difference value, equal to the total number 
of faces after placing the test strip over the bend line minus 
the total number of faces before the test strip, is less than 
or equal to 3, then no extra stage is needed. Otherwise, an 
extra stage is needed. In a next step S220, if an extra stage 
is needed (i.e., predicted), the longest stage (from the stage 
list) that can be used to perform the bend being tested is 
assigned, i.e., placed in the set of assigned stages. Then, a 
determination is made in step S222 as to whether the newly 
assigned stage is equal to a stage already in the set of 
assigned stages. If the newly assigned stage is already in the 
set of newly assigned stages, the newly assigned stage is not 
appended to the set, as indicated in step S226. However, if 
it is not already in the set of assigned stages, the newly 
assigned stage will be appended to the assigned stage set in 
step S224. Thereafter, the process returns from either of 
steps S224 and S226 to step S218, if there are additional bend 
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lines which need to be evaluated. Once all the bend lines 
have been evaluated by the process, the process proceeds to 
step S228, where the initial tooling h__cost is set to the 
product of 600 and the predicted number of stages (which is 
5 the total number of stages which have been placed in the set 
of assigned stages) . 

Applying the process steps as shown in Fig. 46 to 
Example 1 of Fig. 45, the faces after placement of the test 
strip along the bend line are equal to 8, and the number of 

10 faces before the placement of the test strip along the bend 
line is equal to 5. Thus, 8-5*3, and no extra stage is 
predicted. In Example 2 shown in Fig. 45, the number of faces 
after the test strip is placed over the bend line is 10. 10- 
5=5, which is greater than 3. Accordingly, an extra stage is 

15 predicted for Example 2. 

Fig. 47A illustrates a tool selection process overview 
which forms part of the tool profile selection planning block 
Pll in Fig. 30. The process begins at the bend sequence 
planner in step S471, and proceeds to the tooling expert 

20 (tooling module) which operates in step S472. In response to 
receipt of a "PLAN" command in FEL from the bend sequence 
planner, the tooling expert forwards the part's geometric 
model, bend-graph data, and a tool library to a tool filter 
module. In step S473, the tool filter module determines a 

25 selected die, die-holder, die-rail and a list of feasible 
punches. In determining such information, the tool filter 
module performs several steps for each bend to be performed on 
the workpiece as indicated by the bend-graph data. The tool 
filter module reads necessary data for the bend, and selects 

30 the die, die-holder, and die-rail based upon tonnage, V-width, 
angle and inside-radius requirements. The tool filter module 
then prunes the list of punches (to form a list of feasible 
punches) based upon tonnage, tip radius and tip angle 
constraints . 
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The process then returns to the tooling module in step 
S473, which then forwards the part's geometric model, bend- 
graph data and a list of feasible punches to a profile select 
module. Then, in step S474, the profile select module selects 
5 the punch and punch holder to be utilized by the bending 
apparatus. In performing the profile selection, for each bend, 
the profile select module selects only those punches from the 
feasible list whose profile matches the geometry of the part. 
Punches with matching profiles will not collide with the part 
10 during the bending process. The profile select module then 
selects the best punch and punch-holder accordingly. The 
appropriate selected punch and punch holder are then returned 
to the tooling module which continues its functions at step 
S475. 

is A more detailed explanation of the algorithm performed 

by the tool filter module will now be provided. In a first 
step, the tool filter module reads the following data: the 
desired inside radius (IR) of each bend; the part material 
thickness (T), the part material tensile strength; the minimum 

20 adjacent flange length (the minimum/preferred minimum length 
(height) of the shorter flange which runs along the bend line 
of the particular bend of concern) ; the bend length and bend 
angle; and a tool library (the tool library includes inverted 
profiles of the punches which can be used) . 

25 In a second step, for each bend, the tool filter module 

performs the following steps: 

(a) A list of FEAS IBLE_DIES is set to empty. 

(b) The list of available dies in the library is 
scanned, and for each die: 

30 if its v-width can produce the desired IR within 

some tolerance, and if its v-angle- closely matches the bend 
angle, and if the tonnage-per-meter required for this v-width 
and T (computed using a bend force chart and tonnage 
equations), is within the tonnage capacity of this die, 
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then, add this die to FEASIBLE_DIES . 
It is noted that the tonnage-meter requirement for the 
v-width and T may be computed using a force chart and tonnage 
equations provided by Amada in their press brake tooling 
catalogues. In addition, or in the alternative, the tonnage- 
per-meter value may be calculated using the bend chart and 
tonnage equations provided in the text entitled "New Know-how 
on Sheet-Metal Fabrication Bending Technique, rt written by the 
Amada Sheet Metal Working Research Association, Machinists 
Publishing Company, Ltd., First Edition (May 15, 1981), the 
content of which has been incorporated by reference herein in 
its entirety. 

(c) The die is selected from FEASIBLE_DIES, which most 
closely satisfies the IR, bend angle, the minimum flange, and 
total tonnage requirements. If the minimum flange length 
constraint is still not satisfied, then a warning is issued. 
The appropriate die-holder and die-rail for the selected die 
are then selected for the selected die. 

(d) The list of available punches in the library is 
then scanned, and for each punch: 

if the tip angle is less than but close to the 
selected die's v-angle, and if the tip radius is less than and 
close to the IR, and if the tonnage-per-meter required for 
this bend is within the tonnage capacity of this punch, 

then this punch is added to the list of 
FEASIBLE_PUNCHES, for this bend. 

A more detailed explanation of the steps performed by 
the profile select module will now be provided. 

In an initial step performed by the profile select 
module, for each bend, the final (finished) 3D model of the 
part is aligned in relation to the appropriate tooling in a 
position in which it would be in the bending press after 
completion of the bend being evaluated. Then, for each bend: 

(a) The list of FEASIBLE PUNCHES is scanned for this 
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bend, and for each punch, if the 3D geometric model of the 
punch does not intersect the 3D geometric model of the part at 
the end of this bend, then this punch is a FEAS IBLE_PUNCH for 
this bend. The 3D part model is a sufficient condition, but 
5 may be over constraining and may be modified at a future date. 
For example, intermediate part models, representative of the 
actual shape of the part at each bend in the sequence could be 
used as the profile selection is performed throughout the 
search process being performed by the bend sequence planner. 

10 (b) The punch is selected among the FEAS IBLE_PUNCHES , 

which most closely satisfies the IR, bend angle, and tonnage 
requirements. The standard "robot-tooling" punch will be 
selected if feasible. It is noted that the selected punch may 
have to be used with its profile inverted (i.e., inverted in 

is the Y direction/rotated around the Z axis by 180°), in order 
to satisfy the intersection test in step (a) above of the 
profile selection module. 

It is noted that one or both of the tool filter module 
and profile selection module calculations may be performed 

20 either before, during or after the search is performed by the 
bend sequence planner. 

Figs. 47B-47C illustrate a stage planning process which 
picks a stage and a location along the stage at which the 
workpiece will be loaded when performing a particular bend in 

25 the bend sequence, such planning being indicated in block PI 4 
of the dialogue diagram shown in Fig. 30. In a first step 
S230, an intermediate part model of the part is formed (with 
the part having the bends up to the present bend in the bend 
sequence) . 

30 m step S232, the biggest non-evaluated stage is chosen 

from the stage list (of available stages) . Then, in step S234, 
the present bend in the search is simulated with tooling 
expert (TE) collision checking, with the part being loaded at 
onto the tooling stage at a center position with respect to 
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the stage. Then, in step S236, a determination is made as to 
whether or not there was a collision during simulation of the 
bend. If there was a collision, the process proceeds to step 
S238, where the bend being evaluated in the search is 
5 simulated with TE collision checking while the part is loaded 
at the left side of the tooling stage, with the left end of 
the bend line being placed just to the left of the left side 
of the tooling stage. If a collision is then determined in 
step S242, the process proceeds to step S246. 
10 If, however, a collision is not determined to have 

occurred in step S236, the position at which the workpiece 
will be loaded onto the stage is set to the center position in 
step S240, and the process proceeds (via connector B) to step 
S254 which is shown in Fig. 47C. 
15 If a collision is not determined in step S242, after 

simulating the bend with the part positioned on the left side 
of the stage, the process proceeds from step S242 to S244, 
where the position for loading the workpiece on the stage is 
set to the left position. Then the process proceeds directly 
20 to step S254 (via connector B) . 

In step S246, the bend is simulated with TE collision 
checking with the part positioned at the right side of the 
tooling stage (e.g., as shown in Fig. 48B) , with the part 
being placed on a tooling stage so that the right end of the 
25 bend line is placed just to the right of the tooling stage 
while the bend is performed. If a collision is determined to 
have occurred during this simulation, the process proceeds to 
step S252. If no collision occurred during this simulation as 
determined in step S248, the process proceeds from step S24B 
JO to step S250, wherein the loading position is set to the right 
position, before the process proceeds to step S254. If a 
collision did occur as determined at step S248, the process 
proceeds to step S252, wherein the chosen stage (chosen in 
step S242) is disregarded, and the process proceeds (via 
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connector C) to step S232 at the top of Fig. 47B. It is noted 
that the next non-evaluated biggest stage from the stage list 
will be chosen in step S232 at this point. However, the stage 
planning process may be designed so that it will go from a 
5 "failed" biggest stage straight to a stage having a length 
approximately equal to the bend line of the particular bend 
being evaluated. 

In step S254, the evaluated stage is deemed a solution 
stage. Thereafter, in step S258, the stages are arranged 

10 along the die rail, and in step S256, the necessary left-right 
clearances for stage juxtapositioning are computed. 

The above-referenced tooling expert (TE) collision 
checking process, referred to in each of steps S234, S238 and 
S246, may be performed as follows: 

is The tooling expert collision checking comprises mainly 

an intersection determination. The intermediate part 
corresponding to the particular bend being evaluated in the 
search is formed, and is further converted to a B-rep 
(boundary representation) which is compatible with the NOODLES 

20 geometric modeler. Then, an intersection is performed 
utilizing the appropriate NOODLES function. First, the number 
of faces of the part, as it changes shape throughout 
performance of the bend, are monitored. For each of a 
plurality of discretized shapes of the part throughout 

25 performance of the bend, each of those shapes are intersected 
with the appropriate tools of the bending workstation during 
the performance of the bend. The resulting number of faces of 
the part, for each shape, is then counted. If the resulting 
number of faces, intersected with the tools, is greater than 

30 the expected n umb er for that shape, then there has been a 
collision. 

The above-described steps define a preferred algorithm 
for performing a tooling expert collision checking process. 
In the alternative, the intermediate part before and after the 
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bend may be modeled by a bounding box, and the basic solid 
intersection function provided by NOODLES may be utilized to 
determine if the tools intersect with the bonding box 
representation of the workpiece for the particular bend being 

5 evaluated during the search. 

A description will now be given of a process for 
determining the necessary left-right clearances for 
juxtapositioning the stages along the die rail, as computed in 
step S256 of the process illustrated in Figs. 47A-47B. The 

10 lateral limits of the part at the particular bend being 
evaluated are calculated based upon the amount by which the 
workpiece extends beyond a side edge of the solution tooling 
stage, and a largest lateral limit for each side of the stage 
is determined. The stages arranged adjacent to the present 

15 solution stage are then appropriately spaced to have a gap 
between the adjacent side edges which is greater than or equal 
to the larger of the determined largest lateral limits of the 
adjacent side edges. 

In arranging the stages, in step S258 of the stage 

20 planning process shown in Figs. 47B-47C, the present solution 
stage (corresponding to the presently evaluated bend) is 
placed in the middle of the die rail if it is the longest 
solution stage that has been evaluated so far in the search. 
On the other hand, if it is the shortest stage that has been 

25 decided upon at the present point in the search, then it is 
placed at the first or left position along the die rail. All 
middle gradations, from the second largest down, are 
respectively positioned from the third position to the last 
position along the die rail, the third position being 

30 positioned just to the right of the middle position, and the 
last position being the position furthest to the right. 

Additional considerations must be taken into account by 
the bend sequence planner to arrange the layout of the stages 
when co-linear bends are to b e performed simultaneously in 
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performance of the operation sequence. There are issues which 
must be taken into account, such as the clearance of the part 
with respect to the stages when the co-iinear bend is being 
performed, and the sizes, arrangement, and number of stages 

s that are needed in order to accommodate the co-linear bend 
while at the same time best using the resources at hand. One 
particularly important resource that must be conserved is the 
use of space along the die rail in order to set up the stages. 
The number, sizes, and spacings of the stages may be limited 

io because of limitations in die rail space. 

When planning the staging for performance of a 
particular co-linear bend, a decision should be made as to 
whether the co-linear bend can be done with only one stage, or 
whether two spaced stages are needed in order to allow 

15 clearance therebetween. Accordingly, the tool expert should 
consider whether the co-linear bends are interrupted (as is 
the case in Fig. 20E) or non- interrupted (meaning that one 
stage can be used for both bends, as is the case in Fig. 20D) . 
A search algorithm could be used, such as A*, in order 

20 to come up with an appropriate stage layout that can 
accommodate co-linear bends, while minimizing the number of 
stages and the spacing between stages that are needed. A 
significant cost to be taken into account by such a search 
algorithm is the total length of the die rail, the amount of 

25 space along the die rail a certain staging solution will 
occupy, and amount of space along the die rail remaining at 
the present level of the bend sequence (being generated by the 
bend sequence planner) . 

Figs. 48A-48C illustrate respective intermediate 

30 representations of a workpiece, being modeled in relation to 
the tooling during performance of a bend. In Fig. 48B, the 
workpiece is at a right position along the stage. In each of 
Figs. 48A and 48B, the bend line is shorter than the length of 
the tooling stage. In Fig. 48C, the workpiece centered along 
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the tooling stage, where the bend line is slightly longer than 
the length of the tooling stage. 

In each of the graphic representations shown in Figs. 
48A-48C, the various components of the bend press are modeled, 
5 including the tool punch and the die, along with an 
intermediate representation of the workpiece. 

Fig. 49 illustrates a fine motion planning process, 
which may be performed in planning block P14 of the dialogue 
chart shown in Fig. 30. In a first step S260 of the process 

10 illustrated in Fig. 49, parameters are set and initialization 
steps are performed. In this regard, the 3D models of the 
tooling and the part are read, and various initialization 
functions are performed. The goal parameters are set up based 
upon the tool and part geometry/ and the desired clearance. 

15 In addition, the portion of the part inside the bend line is 
rapidly analyzed, and a bounding box that surrounds the part 
is computed. 

In step S262, a determination is made as to whether or 
not a simple solution path is readily available, by testing if 

20 the top of the part can clear the bottom edge of the tooling 
punch, and if certain features of the part satisfy constraints 
imposed by the tool geometry and the die opening. If such a 
simple solution path is readily available, the process 
proceeds to step S264, where a fine .motion plan is quickly 

25 generated. The process is then forwarded to step S270 where 
it returns to the tooling expert with the fine motion plan and 
the fine motion cost, which is equal to the amount of time 
that it takes to unload the part from the bend press. 

If a simple solution is not available as determined at 

30 step S262, the process proceeds to step S266, in which a 
modified A* search is performed. In performing the search, a 
plurality of feasible virtual configuration space nodes are 
generated and placed on the OPEN list with their respective 
costs. The first level of the search includes several 
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generated intelligent direction feasible vc (virtual 
configuration) -space nodes that were appended to the OPEN list. 
When a node from the OPEN list is expanded, it is expanded to 
include several neighborhood nodes representative of locations 
5 in the general neighborhood of the parent node. Each expanded 
node is tested for feasibility by utilizing a geometric 
intersection test. If the test is positive (i.e., there is no 
collision by the use of a negative intersection function), the 
expanded node is appended to the OPEN list along with its cost. 
10 The cost is an h cost which is set equal to the Euclidean 
distance from the expanded node to the goal. The nodes on the 
OPEN list are continually expanded to lower levels in the 
search tree until the goal is reached or until the OPEN list 
becomes empty. 

is At step S268, a determination is made as to whether or 

not the goal was reached. If the goal was reached, the fine 
motion planning process returns to the tooling expert with the 
fine motion costs and the fine motion plan in step S270. If 
the goal was not reached, the process proceeds to step S272, 

20 where the fine motion cost is set to infinity, and is sent to 
the tooling expert. 

Fig. 50 illustrates an example process for determining 
the motion expert k and h costs, as indicated in planning box 
P21 of the dialogue chart shown in Fig. 31. In a first step 

25 S274, the k cost is calculated to be equal to a calculated 
robot travel time to take the part from a position at a stage 
of an immediate preceding bend to the stage location 
corresponding to the presently evaluated bend in the search, 
without regard to collisions. Then, in step S276, the h cost 

30 is calculated to be equal to the product of the running 
average of the k cost values for the previous bends and the 
presently evaluated bend, and the sum of the number of 
remaining bends and twice the number of remaining predicted 
repos that will have to be performed before all of the bends 
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in the bend sequence are completed. 

In forming the gross motion scheme and the gross motion 
paths after the search is performed, as indicated in planning 
block P22 of the dialogue chart shown in Fig. 31, a state- 
5 space search algorithm, particularly an A* algorithm, may be 
performed to form each of the steps along the path from one 
point to another in order to bring the worJcpiece throughout 
its various stages in the bend sequence. When generating a 
path from an initial start position to a goal position, for a 
10 particular operation of the bend sequence, before deciding 
that the path will be the final path to be used, collision 
checking may be performed. In order to perform this collision 
checking, the workpiece, the robot, and the bend press may 
each be modeled, and intersection tests may be performed using 
is the appropriate NOODLES functions. Fig. 51 illustrates a 
geometric model of a press brake 304, a workpiece bounding box 
300, and a robot 302. In performing collision checking in 
connection with the gross motion planning, the workpiece is 
modeled by a bounding box 300. In Fig. 51, the position of 
20 the robot 302 and the modeled part 300 is shown in three 
positions extending between a stage used for the final bend of 
the bend sequence to a position at the far right of the 
diagram which corresponds to a position ready for unloading by 
the loader/unloader . 

25 4. Geometrir Modeling 

Each module of planning system 71 utilizes geometric 
modeling functions in order to analyze the physical 
relationships between various components of the bending 
workstation and the workpiece as it is being moved and 

30 developed. Such geometric modeling functions may include 
representing stock, intermediate, and final parts, checking 
for interferences during motion planning and assisting in 
selecting robot grip positions. In addition, needed geometry 
information may be provided to assist the sub-planners in 
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determining punch geometry selection, tool placement, 
loader/unloader suction cup 31 placement, and interpretation 
of sensing signals. Simplified geometric representations may 
be provided for fast computations (e.g., bounding boxes, 
5 convex hulls, and 2D cross-sections), which may be needed to 
perform geometric-based reasoning methods (e.g., oct-tree 
representations, and configuration spaces) . A geometric 
database of physical components may be provided which includes 
both symbolic descriptions (e.g., labeled features) along with 

10 actual geometry data of physical components. Other geometric 
modeling functions may be provided, although they are not 
specifically enumerated herein. 

In a particular embodiment of the present invention, 
NOODLES is utilized to perform many of the noted modeling 

is functions. Several reasons may be given for using NOODLES to 
implement the geometric modeling functions. NOODLES includes 
a large package of geometric routines and is accessible to 
C/C+/C++ source code. In addition, NOODLES is capable of 
handling non-manifold geometry (e.g., OD, ID, 2D, 3D, etc.) 

20 with the same routines, and has a hierarchal structure which 
can be used to build geometry libraries and to store various 
types of information regarding features of parts. 

A modeling mechanism (not shown) may be provided for 
modeling both upper and lower surfaces (i.e., the thickness) 

25 of each sheet metal workpiece throughout one or more of the 
design, planning, and execution phases of the bending process. 
It may be useful to have such a complete thickness 
representation in the workpiece for certain aspects of the 
system. For example, holding expert 82 may benefit from the 

30 added knowledge of knowing both the upper and lower surfaces 
of the workpiece, and motion expert 84 may be able to better 
plan for and control fine motion of the work piece when it is 
close to the die and punch tool before and after a bending 
operation . 
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Referring to Fig. 10, an upper/ lower surface modeling 
mechanism (not shown) performs a thickness transformation 
between a flat representation 114 and a representation with 
thickness 116/ shown at the right of Fig. 10. Essentially, 
5 the representation with thickness 116 comprises two flat 
representations juxtaposed one on the other. 

Fig. 11 illustrates an overlapped flange 118 modeled as 
a flat representation 114 at the left of Fig. 11, and 
transformed to a representation with thickness (i.e., a solid 
10 model) . Solid model 116 is shown to be equal to an upper 
surface representation 120 together with a lower surface 
representation 122. Upper surface representation 120 is shown 
in solid lines, and lower surface representation 122 is shown 
in dotted lines. 

15 Fig. 12 represents an exemplary tree structure which may 

be utilized to model the design representation of a sheet 
metal workpiece 16. At a first level, a plurality of shapes 
126 are indicated corresponding to workpiece 16. For each 
shape 126, several faces 128 are defined, and for each face, 

20 several edges 130 are defined. For each edge, a plurality of 
vertices 132 are indicated. For each vertex, a 2D (i.e., 
stock part) representation 134 may be maintained, along with a 
3D {i.e., final part) representation 136 and an intermediate 
representation 138. 

25 A thickness transformation may be performed, as 

represented by arrow 140, resulting in upper and lower surface 
representations 142, 144, which each have a tree structure 
similar to that illustrated above the line in Fig. 12. 

Figs. 17A-17B and 18A-18B illustrate several different 

30 types of geometric libraries which may be provided in order to 
aid in the performance of geometric modeling of the system. 

For further information regarding the NOODLES modeling 
system, and geometric modeling in general, reference is made 
to the Reference Manual for the Noodles Library, by E. Levant 
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Gursoz, EDRC, Carnegie Mellon University/ Pittsburgh, 
Pennsylvania, and a book by Michael E. Mortenson, entitled 
Geometric Modeling . The contents of each of these documents 
are expressly incorporated herein by reference herein in their 
entireties. 

5. The Querv-Based Module Communicating Language f FED 

In order to formalize the interface between each of the 
modules of the planning system, a query-based language called 
FEL may be used. FEL was originally developed by David Bourne 
in 1988, and has since been further refined. For more 
detailed information regarding FEL generally, reference should 
be made to the several user guides provided by the Robotics 
Institute at Carnegie Mellon University including: "Feature 
Exchange Language Programmer's Guide." David Alan Bourne, 
Duane T. Williams (January 14, 1994); "Using the Feature 
Exchange Language in the next Generation Controller, " David 
Alan Bourne, Duane T. Williams, CMU-RI-TR-90-19; and "The 
Operational Feature Exchange Language, w David Alan Bourne, 
Jeff Baird, Paul Erion, and Duane T. Williams, CMU-RI-TR-90-06. 
The contents of each of these FEL documents are hereby 
expressly incorporated by reference herein in their entireties. 

Fig. 19 illustrates an exemplary FEL planning message 
145 which is being sent from bend sequence planner 72, as 
indicated by expression 146, to motion expert 84, as indicated 
by expression 148. FEL planning message 145 comprises a query 
command sent from bend sequence planner 72 to motion expert 84, 
which provides preliminary information to motion expert 84 so 
that it may satisfy the query. An initial parameter setting 
portion 150 of message 145 is provided immediately after a 
main verb/command "get" 152, and includes expressions "type 
message" 147, "from planning" 146, *"to moving" 148, and "state 
request" 149. The expression "type cost" is provided 
immediately after setting portion 150, and signifies that a 
request is being made for the motion expert to tell the 



103 



WO 96/15481 



PCT/JP95/02291 



planner how much a particular operation will cost. The next 
expression "bends ..." 156 queries how expensive it will be to 
perform bend number 3, after having done bend number 6. The 
numbers 7 and 1 represent a face of the workpiece that will be 
5 inserted into the die space of the bending workstation for 
bends 6 and 3, respectively. 

A next expression "average_cost 2.321" 158 informs the 
motion expert that this is the average cost (Jc-cost) for 
motion per bend for the bends that have previously been done 

10 based upon cost values previously assigned by the motion 
expert. In this case, the average cost is 2.321 seconds per 
bend previously performed. A next expression "flange- 
_before_bend" 160 indicates the height (in millimeters) of the 
tallest flange of concern (indicated in Fig. 18A as 11 

is millimeters) to be used by the motion expert to make clearance 
determinations. Expression "flange_after_bend" 162 similarly 
indicates the height (in millimeters) of the tallest flange of 
concern which will exist after the bend is performed 
(indicated in Fig. IS as 17.5 millimeters). A next expression 

20 "rbbot_loc" 164 informs the motion expert where the part is by 
specifying the location of the robot (as it was left upon 
completion of the previous bend) . A last expression in the 
planning message 145, "bendmap" 166, indicates the respective 
tool stages for the previous bend and presently proposed bend 

25 and where the workpiece should be with respect to the stage 
for each bend. The first value 168 represents that the 
location information is given for bend number 6, and a second 
value 170 indicates the stage at which bend number 6 was 
performed, which in this case is stage number 1. Several 

30 coordinates are listed to the right of the first and second 
values 168, 170. The first coordinate value "257." represents 
the position of the left edge of the part with respect to the 
left edge of the stage, and the second coordinate value "-257" 
represents the position of the left edge of the part with 
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respect to the stage. The value "350.7" represents the 
position of the right edge of the part with respect to the 
stage. The final value "320." represents the position of the 

' stage along the die rail with respect to the left edge of the 

5 die rail. 

Generally speaking, the planning message 145 forwards 
all the information which the motion expert will need in order 
for it to generate a subplan for moving the workpiece from an 
initial position (where it is left after performance of a 

10 preceding bend) to a position ready for a proposed next bend. 

A significant feature of the query-based interface 
structure between the planner and its various sub-planners 
(experts) is that when the planner forwards a query to an 
expert, it informs the expert of all background information 

15 that the expert will need to respond to the query. Thus, the 
experts need not save information, but can simply respond to 
the bend sequence planner and return all related information 
for the bend sequence planner to save. 

(a) rnnfiauratinn nf FET,-wn««d Process Planner 

20 In configuring the process planner 71 illustrated in Fig. 

5, each module including bend sequence planner 72, and experts 
80, 82, and 84, is sent a command to read its startup 
configuration file. An example of such a command could be as 
follows : 

25 (read ((type file (name "config.s 2.fel"))) 

((type message) (from planning) (to tooling) (name 

"config") ) ) 

After each module has read is startup configuration file, 
the system will be set so that bend sequence planner 72 can 
30 use any specified number of experts, e.g., using a command 
such as the following: 

(set ((type experts) (experts (tooling grasping 

moving) ) ) ) 

After the experts to be used by bend sequence planner 72 
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are specified, the part design may then be read from CAD 
system 74 into each module as needed/ and bend sequence 
planner 72 may start the planning process, 
(b) PEL Commands 
5 The following table lists several commands that may be 

specified by bend sequence planner 72 in participating in a 
dialogue with the other modules of the system, including the 
experts . 



1 


FEL MODULE DIALOG COMMANDS 




SEARCH COMMANDS 


Finalize 


- collect final plan info from each module 


Get 


- get cost information (and other data) for a 
bend 


Plan 


- initialize a module for planning a part 




USER COMMANDS 


Quit 


- cleanup and exit a module 


Read 


- read files for planning 


Set 


- set various module options 


| Show 


- show various module data to user 



The following table lists several commands that may be 
specified by bend sequence planner 72 for execution by 
sequencer 77. 
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PEL SEQUENCER COMMANDS 


Print 
Messages 


- print messages for BM100 operator for 
setup 


Programs 


- download programs to NC9R press controller 
and baclcgage controller 


Startup 


- initialize state of press and robot 


Get 


- acquire part from various steps of the 
process 


Put 


- load part into various steps of the 
process 


Move 


- move the robot through a series of points 


Bend 


- initiate bend sequence (backgage and J 
bending) | 



The "read" command may be used to instruct a module to 
read certain files needed for planning, the files being 
5 representative of the design to be produced, and to configure 
itself in accordance with the design. With use of the "set" 
command/ various module functions may be set, e.g., how to 
display information, how to interface with other modules , and 
so on. The "show" user command may be utilized to show 
10 various module data to the user, e.g., the various nodes of 
the A* algorithm which represents the various costs or 
different bends within the proposed bend sequence. 
6. Part, Design and Modeling 

In the illustrated embodiments shown in Fig. 5A, a CAD 
15 system 74 performs several functions relating to part design 
and part modeling for planning system 71. CAD system 74 
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allows a user to form a design of a given workpiece by working 
with simplified/ primitive components (in either 2D or 3D 
form) on a graphic interface, each primitive component having 
certain desired dimensions which may be input by the user, in 
order to design the worlcpiece. The user may then utilize a 
user interface with CAD system 74 to connect the primitive 
components and, in addition, to remove portions, such as holes, 
slots, etc., from the connected primitive components. CAD 
system 74 may then perform feature labeling functions 
including labeling several geometric features of the worlcpiece, 
such features having a particular significance in the context 
of sheet metal bending. CAD system 74 may also build a bend 
graph which associates various bend-related information with 
the geometric design of the workpiece. CAD system 74 thereby 
forms an output file which includes geometric, topological, 
and bend-related feature information (including a list of 
labeled features and a bend graph) • All of this information 
is then placed into an output shape file which will form the 
basis of communication with other modules of planning system 
71. in this regard, a part modeler may be provided to form an 
interface between the design system's output shape file and 
the various expert modules 80, 82, and 84 (and 85) along with 
bend sequence planner 72. 

A part modeler may be provided which performs various 
conversions on the data provided in the output shape file in 
order to form developed part data structures which can be used 
for geometric modeling purposes by each of the modules of 
planning system 71. Part modeler may be implemented in the 
form of a library which is accessible to each of the modules 
in planning system 71, which may be utilized to manipulate the 
information in the developed part data structures and/or 
undeveloped data structures provided in the output shape file, 
in order for the various modules to utilize the information 
provided therein to serve any particular purpose that they may 
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be addressing at a particular point in time. 

Fig. 13A illustrates a functional block diagram of a 
design system 311 which may be provided to perform the 
functions of CAD system 74 of the illustrated embodiment. 
5 Design system 311 performs several design-related functions 
which may be implemented in the form of function modules as 
illustrated in Fig. 13A. Each function module may be 
implemented by a particular function provided in a library of 
functions comprised by the design system. The functions shown 

10 in Fig. 13A include a user interface 312, file I/O 314, view 
316, simulation 318, shape defining 320, hole defining 322, 
editing 324, and feature labeling 328. Each of these 
functions may be controlled by a design system control module 
326. In order to perform several feature labeling functions, 

15 bend graph module 330 and bend deduction module 332 are each 
connected to feature labeling module 328. 

Each of the functions are illustrated in Fig. 13A in the 
form of function modules. However, it is not necessary that 
each of these functions be separated into separate modules in 

20 the specific manner as illustrated. In the alternative, an 
overall program or hardware system may be provided which 
allows each of these functions to be performed without having 
any specific interface with other functions of the design 
system. For example, one complete routine may be provided 

25 within a processor of a computer to implement each and every 
one of the functions of the overall design system, without 
removing several of the general benefits provided by the 
design system disclosed herein. 

The file I/O module 314 performs functions such as 

30 reading, writing, printing, and performing data exchanges 
between modules. The view function module 316 performs 
functions such as zooming in/out, and panning during display 
of the part on a graphic interface. The shape module 320 is 
provided to allow a user to specify particular shapes, 
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including rectangular shapes, angles, a Zee, a box, a hat, and 
so on, which may be put together to form a particular 
workpiece design. Hole module 322 is provided for the user to 
specify various type of cavities to be provided in the 
5 workpiece, such as cutouts, holes, slots, notches and so on, 
to further allow the user to design the workpiece in a manner 
similar to that provided by shape module 320. Edit module 324 
is provided to allow the user to perform various editing 
functions such as a fillit function, a chamfer function, and 

10 changing the workpiece material type and/or thickness. 
Simulation module 318 is provided so that the user can 
simulate bending and unfolding of various bends on the 
workpiece, thus to get a visual representation of such bends 
on the graphic interface to be utilized by the design system. 

15 Feature labeling module 328 is provided to automatically 

assign feature labels which pertain to sheet metal bending, 
and which will thus be useful to the planning system 71 
illustrated herein in forming or generating a bend sequence 
plan with the use of such feature labels. Feature labeling 

20 module 328 may generate feature-related information such as 
corners, setbacks, form features (e.g., dimples, louvers), 
holes, large radius bend, etc. In addition, feature labeling 
module 328 may be designed so that it directs a bend graph 
module 330 to form a bend graph which includes information 

25 organized in a certain way to relate the geographic and 
topological information to the various bends to be performed 
on the 2D workpiece to form the desired 3D finished workpiece. 
In addition, feature labeling module 328 may be designed so J 
that it directs the performance of bend deduction calculations 

30 by a bend deduction module 332. The resulting bend deduction 
information may then be placed within a bend graph listing 
provided by bend graph module 330. 

Various modules provided in the planning system 71 
illustrated herein perform various geometric modeling 
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functions which require that a part (i.e., a workpiece) be 
modeled. Accordingly, a part modeler should be provided, and 
may be provided in the form of a library of functions 
accessible to the various modules in order to interface 
5 between the design system's output shape files and the various 
modules within planning system 71. Fig. 13B illustrates a 
part modeling system 333 for performing this function. Part 
modeler 333 includes two main function modules: a B-REP 
rearrangement module 336 and an intermediate shape conversion 

10 module 342. The B-REP rearrangement module 336 converts an 
undeveloped part data structure 334 to either or both of a 
developed 3D part data structure (in B-REP) 338 and a 
developed 2D part data structure (in B-REP) 340. Intermediate 
shape conversion module 342 converts the developed 2D part 

is data structure (in B-REP 340) to a developed intermediate part 
data structure (in B-REP) 344. 

The undeveloped part data structure 334 (provided by the 
design system 311 as illustrated in Fig. 13A) defines a 
geometric/ topological data structure that does not take into 

20 account bend deduction and that forms part of the output shape 
file produced by CAD system 74. A developed part data 
structure, such as developed 3D part data structure 338 and 
developed 2D part data structure 340, includes a modified 
representation, of the part that takes into account bend 

25 deduction. The noted developed part data structures are 
further converted to be in the form of a boundary 
representation (B-rep) model. 

The data structure which resides in the shape output 
file produced by the CAD system may be designed to include a 

30 shape header which includes part information, followed by a 
plurality of shapes in a linked list, the linked list ending 
with a null. In each shape, topological and geometric 
information may be provided for both a 3D and a 2D 
representation of the part. The structure of the shape may 
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include a list of information including the shape type, shape 
identification, a face list, an edge list, a 3D vertices list, 
and a 2D vertices list. Each face may have its own structure, 
which may include a list of information including a face 
identification, the number of vertices of the face, a vertices 
list for the vertices of the face, and a face normal vector. 
For each edge, a structure may be provided which includes 
information such as the edge identification, the edge type, 
the bent line type, and the vertices index number for that 
particular edge. For each vertex, information may be provided 
including the vertices identification, vertices coordinate, 2D 
coordinates, 3D coordinates and intermediate coordinates. 
Further information regarding the details of data structures 
and the illustrated CAD system in general are provided in an 
ME report dated May, 1992 entitled "A Parallel Design System 
for Sheet Metal Parts" presented by Cheng-Hua Wang at the 
Mechanical Engineering Department, Carnegie Mellon University, 
Pittsburgh, Pennsylvania, the contents of which are expressly 
incorporated by reference herein in its entirety. 

As noted above, the CAD system preferably employs a 
concurrent "parallel" representation of both the 3D and the 2D 
versions of the part as it is being designed, and such 
representations are maintained once the part is finally 
designed for use by planning system 71. In order to 
demonstrate one of the benefits associated with having such a 
concurrent and parallel maintenance of 3D and 2D data 
representations, Figs. 13C and 13D are provided. One of the 
benefits of having a concurrent and parallel design system is 
that such a system resolves ambiguities which may otherwise 
occur in the design process. For example, a 2D part 346a is 
illustrated in Fig. 12C and a 3D part 346b is shown in Fig. 
12D. By viewing just the 3D representation of 346b of the 
part, one may not notice that inner tab 347 is too long, and 
cannot possibly be formed from a single, malleable piece of 
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sheet metal. This is only clearly evident by viewing the 2D 
representation 346a of the part, which illustrates the overlap 
of inner tab 347 as it crosses an inner edge portion 348 of 
the part. Accordingly, as can be seen in Figs. 13C and 13D, 
5 by having both the 2D and the concurrent 3D representations in 
a graphic form, the designer can easily resolve ambiguities 
and recognize errors in the design which might otherwise be 
detected due to ambiguities in just viewing one or the other 
of the 2D and 3D representations during a design. Another 

10 benefit associated with such a concurrent design approach, as 
noted above, is that it may be easier to make modifications to 
one representation (e.g., the 2D representation) instead of 
the other for a particular type of modification, e.g., adding 
an inner tab to the part. 

is Figs. 14A-14E illustrate a design system graphical user 

interface 348, with its display changing throughout the 
process of designing a certain desired part. Referring, e.g., 
to Fig. 14A, graphical user interface 348 includes a key pad 
350, a parameters window 352, a primitive shape 3D window 354, 

20 a primitive shape 2D window 356, a model 3D window 358 and a 
model 2D window 360. Fig. 14A shows the first introduced 
primitive shape provided on a graphical interface 348 in order 
to produce the desired workpiece as shown in Fig. 14E. The 
first primitive shape is a box. The parameters of the box may 

25 be specified with the use of key pad 350 and are illustrated 
in parameters window 352 to have a base which is 100 x 100 
(indicated by parameters P[l] and P[2]), and a height equal to 
20 (indicated by parameter [3]). The 3D version of the 
primitive shape is illustrated in primitive shape 3D window 

30 354, and the 2D shape of the primitive shape is illustrated in 
primitive shape 2D window 356. Since this is the first 
primitive shape being provided for the part design, model 3D 
window 358 is identical to primitive shape 3D window 354, and 
model 2D window 360 is identical to primitive shape 2D window 
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356. 

Fig. 14B illustrates the next shape to be added which is 
a rectangle having a length of 100 (indicated by parameter 
[1]), and a width of 15 (indicated by parameter [2]). The 
5 next pr imi tive shape being added to design the part is another 
rectangle having the same parameters as the rectangle of Fig. 
14B. The next primitive shapes are added to the workpiece as 
shown in Figs. 14C, 14D and 14E. 

It is noted that for each primitive shape which is added 
io to the workpiece, a dotted line is utilized to indicate a bend 
line. Parameter P[l] corresponds to the X dimension, 
parameter P[2] corresponds to the Y dimension, and parameter 
P(3] corresponds to the Z dimension of the primitive shape 
being added. 

15 Figs. 15A-15C are provided to illustrate bend deduction, 

and the manner in which it relates to the 3D and 2D dimensions 
of flanges of a workpiece. Where a workpiece 362 has a 
thickness t, and the flanges of the workpiece 362 are desired 
to have lengths a and b, a calculation should be performed so 

20 that the flat 2D representation of the part, when bent along 
the appropriate bend line, will indeed form the flanges having 
appropriate dimensions a and b, taking into account the 
thickness t of the material, the material type, and the 
internal radius of the bend line (to the inside surface of the 

25 sheet metal) . Starting with an undeveloped representation 363 
of workpiece 362, the developed 2D representation 364 of 
workpiece 362 may be calculated by subtracting the appropriate 
bend deduction (BD) value from the overall dimension a + b. 
Methods for performing such a calculation are known manner. 

30 Accordingly, no specific details are given herein regarding 
the equation used for determining the bend deduction (BD) 
value . 

Fig. 16 illustrates a graphic representation of a bend 
graph, the graphic representation being a 2D representation of 
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the workpiece designed in the steps illustrated in Figs. 14A- 
14E. The bend lines of the designed workpiece are labeled as 
bend lines Bl, B2, . . . B8, and each label comprises a bend 
line index. Each bend line index is then assigned a bend 
5 sequence number which comprises an initialization value. The 
bend sequence number indicates the order in the bend sequence 
in which the bend line will be bent, and is assigned for each 
bend line in accordance with the plan (i.e., the bend 
sequence) produced by the bend sequence planner of the 
10 illustrated planning system 71. In addition, to the bend line 
indices, each bend line is assigned a bend angle. For example, 
in the bend graph illustrated in Fig. 16, an angle of -90.0° 
is given for bend B2, and a bend angle of 90.0° is given for 
Bl. The bend graph further comprises an indication of the 
15 various faces F1-F9 which are formed on the workpiece once the 
bends are performed. 

Listings are provided in Appendices A and B which 
respectively include a geometric/topological data structure 
and a bend graph listing for the part designed in Figs. 13A- 
20 13E. In addition to the above-noted report to the Mechanical 
Engineering Department of Carnegie Mellon University, further 
reference may be made to an article by Cheng-Hua Wang and 
Robert H. Sturges, entitled "Concurrent Product/Process Design 
with Multiple Representations of Parts," IEEE (1993) 1050- 
25 4729/93, the content of which is expressly incorporated by 
reference herein in its entirety. 
7. Sequencing and Control 

Fig. 52 comprises a block diagram of the various 
software modules and their main interfacing components, such 
30 modules including planner 72, sequencer task 76, robot task 92, 
press and L/UL task 94 and backgage tasks96, speed control 
task 102, and collision detection task 100. Planner 72 
includes interfacing components such as an output queue 72a 
and input queue 72b. The sequencer task 76 includes an input 
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queue 76a, an output queue 76b, a task response queue 76c and 
a section corresponding to several task class member functions 
76d. Output queue 72a of planner 76 is connected to input 
queue 76a of sequencer task 76. Output queue 76b of sequencer 

5 76 is connected to input queue 72b of planner 72. 

Robot task 92 includes an input queue 92a, an output 
queue 92b, and a portion corresponding to robot task functions 
92c. Press and L/UL task 94 includes an input queue 94a, an 
output queue 94b, and a portion corresponding to press task 

10 functions and L/UL task functions 94c. Backgage task 96 
includes an input queue 96a, an output queue 96b, and a 
portion corresponding to backgage task functions 96c. Each of 
input queues 92a, 94a, and 96a is connected to input queue 76a 
of sequencer task 76. Each of output queues 92b, 94b, and 96b 

is is connected to task response queue 76c of sequencer task 76. 

The controller software structure shown in Fig. 52 is 
representative only of an example of the inner connections 
between planner 72, sequencer task 76, and control system 75, 
the structure of each of the tasks, and how they are connected 

20 It is within the scope of the invention disclosed herein to 
provide variations of a control system which performs the same 
essential controlling functions, without being implemented in 
the manner illustrated in Fig. 52. 

Fig. 53 illustrates an example flow of the process 

25 performed by sequencer task 76 illustrated in Fig. 52. once 
the sequencer is started, in a first step S280, the sequencer 
will obtain a new message from the FEL listing at input queue 
76a. In step S282, the sequencer will parse the FEL sentence, 
and in step S284, the sequencer will create a data object for 

30 each task involved. In step S286, the appropriate data 
objects will be placed upon their appropriate task queues 
(e.g., on one or more of the input queues of robot task 92, 
press and L/UL task 94, and backgage task 96). In step S288, 
the sequencer checks the state of all tasks involved. 
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Thereafter, in step S290, a determination is made as to 
whether all the tasks are finished. if not, the sequencer 
proceeds to step S292. If all the tasks have finished, the 
sequencer proceeds from step S290 to step S294 where 
appropriate cleanup operations are performed (e.g., destroying 
data objects and resetting flags) . 

If all the tasks have not finished as determined at step 
S290, in the next step S292, a determination is made as to 
whether or not a time out has been exceeded. If not, the 
process returns to step S288. If the time out has been 
exceeded, the sequencer proceeds to step S293 where 
appropriate error recovery processing is performed. After the 
cleanup operations are performed in step S294, a determination 
is then made in step S296 as to whether the task exit signal 
has been set. If the task exit signal has been set, the 
process will then terminate. Otherwise, the process will 
return to step S280 where a new message will be acquired from 

the FEL input queue. 

Fig. 54 is a flow chart of the overall bending process 
during execution of a single bend. In execution of the 
bending process, in a first step S298, the robot places the 
part into the die space. Thereafter, the part is aligned in 
the X, Y and rotation directions. This alignment is part of 
the backgaging operation. In step S300, the press table is 
raised to the pinch point, i.e., the point at which the die 
contacts the workpiece, which in turn engages with the punch 
tool so that the workpiece is in a semi-stable state pinched 
between the die and tool punch. In step S302, the bend is 
executed with bend following (i.e., with the robot gripper 
30 maintaining its hold on the workpiece throughout the execution 
of the bend). Thereafter, in step'S304, the press brake will 
be opened. Then, in step S306, the part is unloaded from the 
die space. Once the part is unloaded, the bend is completed. 
Fig. 55 illustrates the robot task 92 and the various 
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functions that may be provided therein, including general 
motion functions and sensor-based motion functions. The 
general motion functions may include a joint space move a 
cartesian move, and rotation about a point. The sensor-based 
5 motion functions may include a guarded move, bend following, 
open loop bend, active damping, contact control, and 
compliant-part loading. Compliant-part loading comprises 
loading a vibrating compliant-part into the die space of the 
proper timing so that the part fits in the die space and does 

10 not collide with the workstation. 

Fig. 56 illustrates the press and L/UL ( loader /unloader) 
task 94, and the various functions that may be provided within 
the task. The functions that may be provided for controlling 
the press may include raise press, lower press, and bend. The 

15 L/UL functions may include a load workpiece, release workpiece, 
grasp product, and unload product. 

Fig. 57 illustrates the backgage task 96, and the 
various functions that may be provided therein. The backgage 
task may include general motion functions and sensor-based 

20 motion functions. One general motion function may include a 
move function. The sensor-based motion functions may include 
a find part edge and a guarded move function. 
8. Learning for Speed and Quality 

The bend system illustrated herein may be provided with 

25 one or more mechanisms for learning from the results of the 
one or more initial runs of a plan, and for modifying the plan 
accordingly in order to improve the speed of operations and to 
also improve the quality of the resulting workpiece. In this 
regard, a sensor-based control mechanism may be provided for 

30 performing an operation, including moving a workpiece from one 
position to another. The bending apparatus may use a sensor 
output to modify the movement of the workpiece, but measure 
the amount by which the movement of the workpiece is modified 
due to the sensor output. Then, by learning the amount by 
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operation may then be -»«^ ftsB one po5 ition to another 
so that the workplace is mo w orkpiece utilizing a 
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sensor output. ..mi. process for performing 

learning measurements "»» aen , r4te d bend sequence plan, 
aurin, multiple t rom one position to 

where the movement of » „d backgaging in the X 

another comprises «* «^ rUM a measured amount of X 
direction. The sensor output com* ^ ^ 

o«set and a measured I amount ° t s30 », the 

in a first step of the sensi „,. The amount of 

part is loaded for bending using the part is 

offset of the part, >■•••' planner (e.g., 

drooping, is sensed and sent back ^ ^ ^ ^ ^ 
planner 72 illustrated in Tigs. directio n, to obtain an 

part is side-gaged ^ ected fo r this bend is 

X offset value. The X offset v. ^ Bacl£gagin , 

o sent back to the planner (or the proc ^ ^ 

is then performed to align the part ^ ^ ^ ^ ^ 

also to appropriately rotate the P» ^ . s then 

appropriate yaw position. In step 
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• " SW S32 °' LZZZ P«fo-7 m the present bend 
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S30 e. where steps S308 S3» a jf ^ rf ^ bends 

values corresponding to that nex £rom ste p S320 to 

have been coveted, the process proceed ^ & 

step S322. at which point «- f ^*JJ„ /mlortM :. Then in 
new workpiece is loaded with loade ^ ^ 

step S324, the part is that were previously 

droop offset and measured X offset va 
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dete^ained an, forwarded - the ^-'"^ 
toe bending apparatus - , pos *- ^ 

in step S328, and a determination is then made in step S330 as 
in step S3Z8, sequence still have to be 

to whether more bends in me oen« H nroce ss 

* a#h Tf all the bends have been performed, the process 

as to whether more parts are to De mau 
be made, the process returns tc , s t ep M22. 

Due to the repeatability of a typic. 
workstation, such as the Knada BM100 bending workstation, the 
^set values only need to be determined by P.rf = one ~ 
a few execution runs of the system. Once the offset values 
.r determined, the offset values may be used for future batch 
runs of ^he system, and should be considered dependable for 
Z runs According, the process in Pi,. SS is illustrated 
7 returning from step S332 to step S322 for each new 
workpiece to be formed, rather than retumin, all the way back 
to step S308 for obtaining new offset values. 
»• nnrm r , ^.I1ng n .r r nrHnrmnrt MWMV 

The present invention is described as being directed 
methods and subsystems provided in an diligent design, 
planning and manufacturing system for producing materials such 
as bent sheet metal parts. The present invention may _be 
further utilized for performing such functions as costing 
(1 e . determining how much it will cost to develop certain 
types of parts with a given sheet metal bending 
slduling «..,.. determining how much time it will take to 
perform to manufacture various parts with a given sheet metal 
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bending work station) and part design and assembly. The 
planning system 71 of the present invention (e.g., as 
disclosed in Fig. 5A) is capable of generating a complete 
sequence of bends and bend-related operations which will be 
5 needed to form a given part. The generated sequence of 
operations may be accompanied by a complete plan which 
specifies all steps needed to execute the bend sequence in a 
proper order by the sheet metal bending work station. In 
generating the bend sequence, the planning system 71, through 

10 use of experts/ subplanners, will determine the consequences of 
performing each bend and other accompanying operations within 
the bend sequence. Accordingly, without actually executing 
the resulting plan generated by planning system 71, planning 
system 71 will have information as to what the likely amount 

is of time it will take to perform all of the necessary 
operations to manufacture the part with the sheet metal 
bending work station. In addition, the planning system 81 
will be able to further confirm whether or not the sheet metal 
bending work stations and available tooling are capable of 

20 forming a particular designed part. By knowing the 
consequences of performing the various operations in a given 
plan, planning system 71 can determine the resulting costs, 
and such information may be utilized to evaluate the cost of 
producing a given set of parts that form a desired assembly. 

25 In addition, planning system 71 will be able to 

determine factory scheduling with its information regarding 
the time needed to complete various operations of the plan. 
In addition, by knowing the limitations of producing a 
particular part, the amount of time it would take to produce 

30 the part, and the costs, it will be possible to utilize such 
information to generate alternative part designs which may 
result in less cost and less time needed for production of the 
part. 

While planning system 71 has been described specifically 
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as comprising a plurality of experts, with each expert being 
implement in the form of a module which is separate from bend 
sequence planning module 72, planning system 71 may be 
implemented without being separated into modules. For example, 
planning system 71 may be implemented as one overall 
operations planning module. In addition, in the 

implementation shown in Fig. 5A, the language utilized to 
communicate between the respective modules may be a language 

other than FEL. 

The modular structure shown in Fig. 5A, which utilizes a 
query-based language, formalizes the interface between the 
modules, resulting in an open architecture which can easily be 
expanded upon by adding further modules, and/or by modifying 
the modules of the planning system. Other modifications 
within the- general spirit of planning system 71 of the 
invention may be made. In order to enhance the speed of 
operations performed by planning system 71, such as the 
embodiment shown in Fig. 5A, each module (i.e., bend sequence 
planner 72 and subplanners 80, 82, 84 and 85) may be 
20 implemented on a different computer /processor . 

While the invention has been described with reference to 
several illustrative embodiments, it is understood that the 
words which have been used herein are words of description, 
rather than words of limitation. Changes may be made, within 
25 the purview of the appended claims, without departing from the 
scope and the spirit of the invention in its aspects. 
Although the invention has been described herein in reference 
to particular means, materials, and embodiments, it is 
understood that the invention is not to be limited to the 
30 particulars disclosed herein, and that the invention extends 
to all equivalent structures, methods, and uses such as are 
within the scope of the appended claims. 
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APPENDIX C 



••• FEL Based PLANNING Subiyitw ••• ...» 
> (set ((type experts M experts (grasping tooling moving)))) 



(read ((type file) (name -c.box. fel- ) ) ) 
Reading file: c.box.fel 
Reading file: config.fel 

Reading file: /bending/usrl/dtw/export/FEL/keywords.fel 

(SET ( (TYPE MESSAGE) ) 
( {TYPE P ARAMS) 
(BEHDHOLD 2.000) 
(FXNALDEPTH 2.149) 
(PINCHPOZlir 4.719) 
(LOWERSTOP 80.000) 
(SLOWDOWN 15.000) 
(NONE 7) 
(DELAY 2.000) 
(FULLBACK 25.400) 
(DXEjraiH 7.000) 
(BiM 9BZCDBS5 1.219) 

IHQH1 C1017.002 -426.572 X24.S61 -11.990 85.400 )) 
CSMBTJOSITiai 1500.000 -400.000 100.000 0.000 -90.000 )) 
(R^KjSw 1*546.000 1.220 94.400 II 1 
( (TYPE OPTIONS) 
(VERBOSE TRUE) 
jSKUCSJBttttTKSBL 4) 

(tovxMGunmuzs false) 
(OTHHAKY ■joint.plfm*) ^ 



* [mxIpm^XABASE • /beodlng/usxa /d^Pla^ning/grdppsa^jflaAa^sae.f el») 
^ ItoamjHXUMa ^/bsadiag/usxl/^/PlaBn^ 

(vti*a arm PMBW (NAME •Aan^^Apa^/box.sfcpM 1 ) 

Read, shape £llat /usrl/db/parts/booc sap 

Colinaex Beads* () 

Bead Lsao th CI as«1 f jrsH 1"** 

bono. CI 11 (2 1 ) O I I C4 1) 
Tw4t.4iiH.4wff aaptKtst (GMSFOn TmTiTBB MOVZBQ I 

^I^IO^^) CFBOM FIA«a«) IfOCRASPlllQl <«AIB REOOEST) ) 

((TYPE FILE) 
(NAME Vusrl/db/parts/box.shp - ) 

{ ^S£j3KOJUiSZ • /beadi^/«srl/db/Plaan^^ 

(ORASPZMGJATABASE * / bending/usrl /db/ Planning / gripper.jlstabase . f el •) ) ) 

l(w!i G ^W^MESSACE) (NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE CONSTRAINTS) 
(MZNJREPO^NO 1) 
(MAX_REPO.NO 1) 
(NONE 30.000) 
(NONE 112.500) 
(PERMUTABLE TRUE) 
(GRIPPER.LENGTH 27C.000) 
(GRIPPERjOPENING 20.000) 
(FINCER_LENGTH 20.000) 
(GAP_ HEIGHT 30.000) 
(GAP_ WIDTH 30.000) 
(GRIPPER_wrDTH J 50.000) 
(RODOT_GRIPPER "TG- 1 529-U33* ) 
(REPO CRJPPER -TC-J729-U33-) ) i 

TpuS 0 1'!SpE MESSAGE) (FROM PIAHNINC) (TO TOOLING (STATE REQUEST) ) 
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( (TYPE PILE) 
(HAKE •/uerl/db/parta/box.ahp - ) 

(MAOUnI^PATABASE •/bmding/usrl/db/PlaniuJio/iaachinft.databBBe . f bd3 . t el* ) 
(T0OLING_DATABASE • /bending/ u«rl/db/ Planning/ tool.dat«ba»«, Cel ■ J ) ) 

U^^TYTO 5 MESSAGE) (NAME HONE) (FROM TOOLING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE HOME) 
(HONE 1) 

(BENDS (1 2 3 4 >) 
(BEKELJWGLE 90.0001 
(NONE 1.429) 
(NONE 20.000) 
(NONE 300.000) 
(NONE •ROBOTJTOOLIW ) 
(DXELV-HUMBER 1) 
(NONE • ROBOT. TOOLING' ) 
(NONE 1) . 
(NONE (12 3 4)) 
(TBSJOWBL -53100- ) 
(PCMCgJOUBB •HOBOT-TOOLHW) 1 
((TYPE GOKSntUNTGI 
(PREDXCTEDL^TAOES 2) ) } 

(KAN^mPB MESSAGE) (FROM PXAHKXK3) (TO MOVING) (STATE REQCEST) J 

((type nun 

(HAMB Vu*xl/db/parta/bax.«fap- ) 
(BsUSS '4} 

(MACaTOJATABASB » /bending/ wl/db/Plaraing/ m^ ^ > > 

((HAKE •TO-1S29-C33-) 
(QQJUKX3T 2) 

350) 
290) 

(QAp joe nr i 

(QULJBXGSr 30) 
(GWJIXDXS 30) 
(PnOBLinRB 20) 
«CRJU»»W 0) 
OS) 

n 

(TTPB ROBOTJ3RIPPER) ) 
((NAME •IO-0729-U33-) 
(OGAOTITY 2) 
(ORZPPISLKZDTB 70) 
(GKXPPER^LENOTH 290) 
(OAP_lOC •OP - ) 
(OAP^HEiaHT 30) 

(QAP.wxmn 30) 

(FXliSElCJJSNGTR 30) 
(TCP_X_OFFSET 0) 
(TCP_TO_OBS 85) 
( ROBOT JGRIPPER TRUE) 
(RBFO.GRIPPER TRUE) 
(TYPE REPO_ORIPPER) ) » 
FROM MOVING * 

(PLAN ( (TYPE MESSAGE) (NAME NONE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) ) 
Bend Height Classif ication: 

Short: (1 )) (2 1) (1 H <« 1) 

PATH: ((0 0 16)) . . 

REPO MODE 10 0 16) SUCCESSORS : ((1 1 0) 12 ) 01(3 1 0H4 1 0) ) 

TO GRASP TNG: jgg 
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(GET ((TYPE MESSAGE) (PROH PLANNING) (TO GRASPING) (STATE REQUEST) ) 
( (TYPE GRASPJCOST) 
(BENDS (<1 1 ) )) ) ) 

S T^IfmAGB) (NAME NONE) (PROH GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE GRASPJCOST) 
(PR£DICTED_*£PGS I) 
(TIKE 0) 
(RJCOST 30) 
(AREAwPCT 49 .297 ) 
(PERMUTABLE TRUE) 
( FUOIGELIKn'JEFaREJEND 0.000) 

( FTJUJGE HGTAFTERJQID 20.000) 

(SAVE (NROBOT ROBOT.LINES ROBOT_LOC FLANGE^CT_BEFORE_3END FI*ANGE_HGT_AFTER_BEND 

PERHUTABLE NCENTER CENTER^COORD ) ) 

(ROBOT_LOC (117 8 ISO. 000 1.2S0 182.500 0.000 12 0 0.000 )) 

(NROBOT 23) 
(NCENTER 2) 
(CEMERJDOOK) 0) 
(R0BO2LL2BBS 1) ) ) 



^GET°nSpE MESSAGE) (PH0K PLANNING) (TO TOOLING) (STATE RBQQEST) ) 
( (TYPE COST) 

(Boms {(li))))) 



(GET ( (TYPE MESSAGE) (NAME NONE) (PROM TOOLING) (TO PLMDONG) (STUB REPLY) ) 
( (TYPE COST) 
(COST 0) 
(TUB 600) 

(B0H> (PZSBJttXSaLFLNI )) 
(PIHBJOXIXBUaOR 0) 

f| rpggigy r T TlLJ *M > i M (() ( (130.000 130.000 57.000 0.000 } (0.000 0.000 57.000 0.000 
) (0.000 -40.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.00 
0 0.000 0.000 0.000 I (S.O00 0.000 0.000 0.000 ) CS.DODO. 000 0.000 0.000 I (5.000 0.000 0 
.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 O.OOO 0.000 0.00 

oi))) 

(SAVE (STAGES 8EOXAPJRJ00ST }) 

(STAGES (1 )) 

(8ESCMAP ((CI ) 1 -2.000 -20.000 320.000 •ROBOlLJOaLXKr •B0BOXLT00UNO" 0 U02.0 

00 ) )) 

(RJCOST 600) ) ) 

TO MOVING: 

(GET ( (TYPE MESSAGE) (PROM PLANNING) (TO MOVING) (STATE RBQOEST) ) 
( (TYPE COST) 
(BEMDS ill 1 ) )) 

(bSST^T^TTi^.OOO -20.000 320.000 • ROBOT_TOOLING • -ROBOTJIOOLINC- 0 1102.0 

00 ) ) ) 

(ROBOT_LOC (117 8 150.000 1.250 182.500 0.000 12 0 0.000 )) ) ) 
FROM MOVING * 

(GET ( (TYPE MESSAGE) (NAME NOME) (PROM MOVING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERAGE.COST )) 
(TIME 1.168) 
( AVERAGE_COST 1.168) 
IM.COST 12.000) ) ) 

(GOT (JTYPE MESSAGE) (PROM PLANNING) (TO GRASPING) (STATE REQUEST) ) 
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((TYPE CRASP_COST> 
(BENDS ((2 1 ) )> I ) 

FROM GRASPING* 

(GET ( (TYPE MESSAGE) I NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE GRASP_COST) 
( PREDICTED_REPOS 1) 
(TIME 0) 
<K_COST 30) 
<AREA W PCT 27.109) 
(PBtMBTABLE TRUE) 
< rLMWgJGTJ ETO REJPP 0.000) 

JSJ?^ FLAMGE.HGTJEFOREJEND FLANGEJGT^FTEK^BEND 

PERMUTABLE NCEHTER CENTER.. COORD ) ) 

^^^^ (TOBOXLLOC (1 1 16 13 50.000 20.000 182. S00 0.000 1 1 0 73.980 )) 
(NROBOT 33) 
(NCEHTER 2) 

(onrauoocau) 2) 

3) ) ) 



to tool^o^o t * 

COST ((TYPE MESSAGE) (FROM PLASHING} (TO TOOLING) (STUB RBQOBST) ) 
( (TYPE COST) 
CURDS ((2 X ) )> » ) 



( (TYPE MESSAGE) (NAME HOKE) (FROM TOOLING) (TO PLANNING) (STATE REPLY) ) 
((TtPE COST) 
(COST 0} 
(HUB 600} 
'.(BOLD (rXBE^MOTJORJIAH )) 

InffiNQtmnU CO ( (130.000 130*000 5B.000 0,000 1 (0.000 0.000 50.000 0.000 
I (0.000 2SoTS!SoO^ s"00 0.000 0.000 0.000 I (5.000 0.000 0.000 0.000 I (5.00 

0 0 000 oToOO 0.000 I (S 000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 1 (5.0M 0.000 0 
!o!i 0.000 f (slooo J.ooi O.OOO O.OOO > (S.OOO 0.000 0.000 0.000 1 (5.000 0.000 0.000 0.00 

(SAVE (STAGES SBBDMAP H-POST )) 



(STAGES (1^1) ^ 14g w0 ^g #0 oo 24B.000 -ROBOTJTOOLINB- 'HflBWJOOIJW 0 1102.0 



( 

00 ) )) 

(9J0OST €00} } ) 

TO MOVING: _ — 4 

(GET ((TYPE MESSAGE) (FROM PLANNING) (TO MOVING) (STATE REQUEST) ) 

( (TYPE COST} 
(BENDS ((2 1 ) }} 

(bSmaT^TuTi^B.OOO -48.000 248.000 • ROBOT JXOOLDJG- * ROBOT JTOOLINO ■ 0 1102,0 

00 ) ) ) 

(ROBOT.LOC (1 1 16 15 50.000 20.000 182.500 O.OOO 110 73.980 )) ) I 

™CT ^^TYPE : MESSAGE ) (NAME NONE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERAGE_COST H 
(TIME 1.6S2) 
(AVERAGE.COST 1.652) 
(H.COST 12.0001 ) ) 

TO GRASPING! _ 

(GET ILTYPK MESSAGE) < FROM PLANNING) (TO GRASPING^) (STATE RBOUEST) 
( (TYPE GRASP-COST) 
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Hi 1 > J» > > 

™ ^^MESSAGE) (NAME MOKE) ( FROM GRASPING) (TO PLANNING) (STATE REPLY, , 
( (TYPE GRASP_COST) 
( PREDICTED.. REPOS 1) 
(TIME 0) 
(HJCOST 30) 
(ARErVJPCT 49 .297 ) 
(PERKOTABLE TR0E) 
(FLIUaC^JCT JEPOR EJgP 0.000) 

JS^Sot'rSoT^hS'pS^.LOC FLANG E_KGT_BEFORE_BOID FLANGE_HGT_AFTER_BEND 

'^^SrT^TTj^oloOO 1.250 182.500 0.000 1 2 0 0.000 „ 

(NR0BOT 23) 
( WCEBTB t 2) 
{CBSTTEBJCOOBD 4) 
(ROBOTJJHES 5) ) ) 

IS^nroi MEsawBB) <ro* rumxm) (to toowmqi <sxjot bboubct. j 

IITRI COST) 
(BODS ((31))))) 



(GET T^TTPE°MESSAGS) (NAME NONE) (FROM TOOUMO) (TO PUfflHaW (STATE REPLY) ) 
((TYPE COST) 
(COST 0) 

truss coo) 

chocs (fihs_kotion_pli n 



!'°^ B ^ rTrS #11 1(130 000 230.000 57.000 0.000 I (0.000 0.000 57.000 0.000 
. SF&FTZSffiol \ 5 000 0.000 0.000 0.000 1 15.000 0.000 0.000 0.000 ) <S.O0 

I SfiSSfm'ISfi ii2»T«'2o I 000 0.000 0.000 1 (5.000 0.000 0.000 0.000 ) (S.0O0 0.000 0 

!o?oToSoT(S:S! o.2oToSoTo!oT(S.!S i.Joo o.ooo 0.000 1 «.ooo 0.000 0.000 0.00 

0 ) ) )) „ 

(SAVE (STAGES BEBDMAP H.OOST )) 

iSw'fCtt ) 1 -2.000 -20.000 320.000 -ROBOTJIOOLfflO- HWOTJTCOUIIO- 0 1102.0 

00 ) )) 

(BJOOST COO) ) ) 

fOBr'uTTPE MESSAGE) (PROM PLANNING) (TO MOVING) (STATE WSQOBST) ) 
( (TYPE COST) 
(BENDS ((3 1 ) )) 

ISeSmS^TSTi'^.OOO -20.000 320.000 * ROBOT_TOQLING " -ROBOTJTOOLXMO- 0 1102.0 
00 ' " (ROBOT.LOC (1 1 9 10 1S0.OO0 1.250 182.500 0.000 1 2 O 0.000 )) ) ) 

T^JT MESSAGE, (NAME NONE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) 

( (TYPE COST) 
(SAVE (AVERAGE.COST )) 
fTJME 1.168) 
(AVERAGE.COST 1.1681 
•HJCOST 12.000i 1 » 

TsV^TT^NISSACEl < FROM puWNlMGl ITO GRASMNG) C STATE REOUEST1 I 
(.[TYPE GRASI'JCOST) 
(BENDS ((41))))) 
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F R OM GRASPING * 

(GET ( (TYPE MESSAGE! (NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE GRASP.OOST) 
(PREDICTED.REPOS I) 
(TIME 0) 
(KJCOST 30) 
(AREA^PCT 27 ,109 ) 
(PERMUTABLE TRUE) 
(FLANGE_HGT.JiBFOR£_BBND 0.000) 
(FLANGE_flGT_AFTER_BEND 20.000) 

(SAVE (NROBOT ROBOT_LIKES ROBOT.LOC FLANGE_JIGT_BEFORELBEND FLANGE_HGT.AFTEiL.BEND 

PERMUTABLE NCENTER COTTERJCOOm ) ) _ aaa % t 

(ROBOT_LOC (1 1 18 19 50.000 20.000 182. S00 0.000 1 1 0 73.900 )) 

(NROBOT 33) 
(NCENTER 2) 
(CENTERjCOORD 6) 
(ROBOT_LIMES 7) ) ) 

TO TOOLING $ 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO TOOLING) (SCAR REQUEST) ) 

((TYPE COST) 
(BENDS f(4 1 I )) ) ) 



(GET ( (TYPE MESSAGE) (NAME NOME) (FROM TOOLING) (TO PLANKING) (STATE REPLY) ) 
(CAPS COST) 
(COST 0) 
(TUB 600) 

(aou> <ppagj oncatjLAM n 

(FKHornS^ro (() <<L3 o.ooo 130.000 sb.ooo o.ooo ) (o.ooo o.ooo sb.ooo o.ooo 

) tfO.000 -40.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.00 
0 0.000 O.OOO 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0 
.000 0.000 ) (5.000 0.000 0.000 0.000 } (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.00 
0 ) ) )) 

(SAVE (STAGES BEKCHAP tLPOST ) ) 

(BEBWAP (((4 ) 1 48.000 -48.000 248.000 •ROBOTLTOOLINO* ■ ROBOT JTOOLITO* 0 1102.0 

00 ) )) 

(QJOOST COO) ) ) 
TO t&JVXUGj 

(GET ( (TY PE ME SSAGE) (FROM PLAMNZNO) (TO MOVING) (STATE REQOSST) ) 
((TYPE COST) 
(BENDS ((4 1 ) )) 
(FREDICTED_HEFOS 1) 

(BENDMAP (((4 ) 1 48.000 -48.000 248.000 •ROBOT_TOOUNG- • ROBOT .TOOLING" 0 1102.0 

00 ) )) 

(ROB0T_L0C (1 1 18 19 50.000 20.000 182.500 0.000 1 1 0 73.980 )) ) ) 
FROM MOVING: 

(GET ( (TYPE MESSAGE) (NAME NONE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERAGE.COST H 
(TIME 1.652) 
(AVERAGE.COST 1.6S2) 
(M.COST 12.000) ) ) 

PATH: (<0 0 14) (3 J 12S5H 

8EK/D NODE (3 i 125T5) SUCCESSORS: ( (1 ) 0M2 1 0) 14 ) 0M0 0 0) ) 
TO GRASPING: 
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(C ET ((TYPE MESSAGE) I FROM PLANNING) (TO GRASPING) (STATE REQUEST) , 
( (TYPE GRASP-COST) 

(bends (o i nn I n 

(NROBOT 23) 

SS^l" 9 10 1SC.000 1.250 182.500 0.000 1 2 0 0.000 )) 
(FIANCEJIOTJEPORELPEW) 0.000) 
(FIJWaLHCTJtfTBR^Bn) 20.000) 
(PERMUTABLE TRUE) 
(NCEOTER 2) 

(csarreiucooRD 4) ) ) 

FROM GRASPING: _ mef>TMf « r«pn PLANNING) (STATE REPLY) ) 

(GET ( (TYPE MESSAGE) (NAME HONE) (FROM GRASPING) (TO 

( (TYPE GRASP_CGST) 

(TIME INFINITY) ) ) 

^^'kbssace) mm Pi*»m», (to grasp**, (state request) ) 

( (TTPE ORASPJ30ST) 
(BBSS ((3 1) C2 1 ) I) 

(■ROBOT 23) f 
!SJSS5?Jl S i 9 10 150.000 1.250 182.500 0.000 1 2 0 0.000**) 

< maa hbt-BEF QRBJBHP 0.000) 

jryWWTmB BEHD 20.000) 



(SSuCSOD 4) ) ) 



ST^SsSAOM (SAME 1)00) (FRDH GRASPIW) (TO PLABSIKJ) (STATE REPLY) ) 

■ ( (rrra GRASgjosT) ^ 
(suae o) 

(RJ30ST 30) 
(AEZA_PCT 73.S16) 



(FIM«E_30T - BSK«a_PESD 20.000) 
mm 20.000) 



(I 

(SAVE 



^SS^C C STVi??5o!oOO 1.250 182.500 0.000 1 1 0 2S8.338 )) 



12) 
3) 

8) 

(ROBOT_LXHES 9) ) ) 



StTS5£ MESSAGE) (FROM PLANNING) <«> TOOLING) (STATE REQUEST, , 
( (TYPE COST) 

(bends id n in I )) 

!S£Sp C 5((i ) 1 -2-000 -20.000 320.000 * ROBOT. TOOLING ■ * ROBOTJTOOLIKG * 0 U02.0 

00 ) )) 

(H_COST 600) ) ) 

(5x TSpfMESSAGE) (NAME NONE) 'FROM TOOLING) (TO PLANNING) (STATE REPLY 1 ) 
< (TYPE COST) 
(COST 0) 

ITIM1 0) . . . 

(HOLD IFINE_H0T10*)_PLW> >' 
lFlN£J*OT10N_CaST 0) 
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(FINE MOTION PLAN (<) ((130.000 130.000 57.000 0.000 I (0.000 0.000 S7.000 0.000 
) (0 000 -«0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 » <s.oo 
0 0 000 0 000 0.000 ) (5.000 0.000 0.000 0.000 I (5.000 0.000 0.000 0.000 > (5.000 0.000 0 
.000 0.000 I (5.000 0.000 0.000 0.000 1 15.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.00 
0 ) ) )) 

(SAVE (STAGES 8EN0MAP H_COST )) 
(STAGES CI 1 1 

(BEKOMAP ( ((3 1 I -2.000 -20.000 320.000 TSilX^ , ° 11020 

00 ) ({2 ) 1 -2.000 -0.000 298.000 •ROBOTJTOOfcXNG' -ROBOTJIOOLINB' 0 1102.000 ) )) 
(H_COST 6001 ) ) 

TO MOVING: .,,„„, . 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO MOVING) (STATE REQUEST) > 

( (TYPE COST) 
(BENDS ((3 I ) (2 1 ) II 
(AVER AGEJCO ST 1.168) 

IbOTMAP^ToTi^.OOO -20.000 320.000 •ROBOT_TOOLn«- •ROBOT_TOOLINC« 0 1102.0 
00 ) ((2 ) 1 -2.000 -0.000 2SB.000 -ROBOTJIXXU^- 'RC^TOOI^- 0 1102 000 ) )) 
(RO80T_L0C (1 1 1 10 150.000 1.2S0 182.S00 0.000 1 1 0 250.338 )) 1 ) 



(S OTTre , MESSACE) (NAME NONE) (FROM NOVUM) (TO PLAKHHK3) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERJUSEJDOST )) 
(TIME 1.439) 
(AVERAG3JSOST 1.304) 
(QJ0OST 3.911) > ) 

TsR R OTm t lfESSAQE) (PH0M FIAHSZSQ) (TO GRASPZBS) (STMK REQQEST) ) 



((TYPE GRASP. COST) 
(BESDS ((3 1 ) (4 1 1 )) 
(MMBOT at 

(ftOBOU^tl 1 9 10 150.000 1.2S0 182.500 0.000 1 2 0 0.000 )) 
(PIAW3E«3tLBEPORSJEHD 0.000) 
(FXM»Lm^raLBE8D 20.000) 
(PERHBTABLB TESBI 

ttC B SUEB. 2) 
(OBfTBRjCOORD 4) ) ) 



PROtf GRASPS9Qt 

(GET ( (TTPB MESSAGE) (NAME HONE) (FROM GRASPXHQ) (TO PEAHKXH5) (STATE REPLY) ) 
( (TYPE GRASP_COST) 
( PREDICTED _*EPOS 1) 

(TIME 0) ' 

(KJOOST 30) 

(AREA^PCT 73.516) 

(PERMUTABLE TRUE) 

( PLAWOEJHCT ^B EFOR E JOtt> 20.000) 

!S^ri^OT F SOT5^*!^-I^ FUWGE.HGT.BEFOREJJIK0 FLANGE.HGT.AFTER^BEMO 
PERMUTABLE NCENTER CENTER.COORD )) 

(R0BOT_L0C (1 1 9 10 ISO. 000 1.250 182.500 0.000 1 1 0 258. 338 )) 
(NROBOT 12) 
(NCENTER 3) 
(CENTER.COORD 10) 
( ROB0T_ LINES 11) ) ) 

TQ TOOLING: 

(GET ((TYPE MESSAGE) IfROM PLANNING) (TO TOOLING! (STATE REQUEST) ) 
< (TYPE COST) 
(BENDS ((3 1 ) (4 1 ) )) 



135 



SUBSTITUTE SHEET (RULE 26) 



WO 96/15481 



PCT/JP95/02291 



APPENDIX C 

(STAGES (1 )) 

(BENDMAP (((3 ) 1 -2.000 -20.000 320.000 -ROBOT_TOOLING- " ROBOT_TOOL I NG * 0 1102.0 

00 ) ) ) 

(H_COST 400) ) ) 
FROM TOOLING: 

(GET ( (TYPE MESSAG E) (NAME NONE) (FROM TOOLING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(COST 0) 
(TIME 0) 

(HOLD (F2NE_KOTIOH_PLAN )> 
(FTNEjaOTIOH_COST 0) 

(FnmjfOTION PLAN (() ((130.000 130.000 57.000 0.000 ) (0.000 0.000 57.000 0.000 
) (0.000 -60.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (S.000 0.000 0.000 0.000 ) (5.00 
0 0 000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0 
.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.00 
0 ) ) )) 

(SAVE (STAGES BEHDKA* H_C0ST )) 

!nmp ( (((3 ) 1 -2.000 -20.000 320.000 •RQBOTJPOOLIKJ' -R050T-TOOLINO- 0 1102.0 
00 » ((4 ) 1 91.000 -98.000 200.000 "ROBOTJXOOUHQ* -»0BOrjtOCttIW 0 U02.000 ! )) 
€00) ) ) 



TO MOVXNQt « 
(GET ( (TYPE MESSAGE) (FROM PIANNXNQ) (TO HOVHW) (STATE RBQOEST) 1 
( (TYPE (JUST) 

(BBDS f (3 X ) (4 1) )) 

(AVERAG8J3QST 1.168) 

( PH B )ICTKH JEPOS X) 

(BQURP (((3 ) 1 -2.000 -20.000 320.000 *ROB0TJT0QLIHS" ■ROBOTJOQLINO- *> 1102.0 
00 ) C(4 ) X 98.000 -98.000 200.000 maB01L?OOLIW •ROOOILJOaiaiW 0 1X02.000 ) )) 
v CR0BO3LX6C (X X 9 XO ISO. 000 1.250 X82.S00 0.000 X X 0 258.338 )) ) ) 



(GBP* ((TYPE 'MESSAGE) (SAKE HOME) (FROM MOVING) (TO FLAHKXN3) (STATE REPLY) ) 
((TYPE COOT} 




1.4391 

1.304) 
(EJOQST 3.9XX) ) ) 

TgET^CTYPE* MESSAGE) (FROM FttNNZNS) (TO GRASPING) (STATE RBQOEST) ) 
((TYPE REPOlCOSTS 
(BENDS ((3 1) (0 0) )) 
(NROBOT 23) 
(ROBOT_LIKES 5) 

(ROBOT^LOC (1 1 9 10 150.000 1.2S0 182.500 0.000 1 2 0 0.000 )) 
(PLANOEL)(CT_BEFOREJ£MD 0.000) 
(FLANSELHGT^AFTE^.BEND 20.000) 
(PERMUTABLE TRUE) 
(NCB1TER 2) 
(CENTERjOOORD 4) 
2) ) ) 



FROM GRASPING: 

(GET ((TYPE MESSAGE) (NAME MOKE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE REPO_COST) 
(TIME 30) 

f PREDICTED.REPOS 0) 
(H. COST O) 
(AREA^PCT 49.250) 
( P8RKUTABLE TRUE) 

(SAVE (PREV_ROBOT LOC HBKPO REPO. LINES REPO.LOC PERMUTABLE NCENTER CEWTERJOORO 
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(PREV_ROBOT_LOC (1 1 5 10 ISO. 000 1.250 182.500 0.000 1 2 0 0.000 )) 
(NREPO 391 
(REPO LINES 12) 

(REPoIuOC (113 4 ISO. 000 5.000 25.000 0.000 103.919 )) 
(NCENTER 1) 
(CEKTER.COORD 13) ) > 

TO MOVING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO MOVING) (STATE REQUEST) ) 
( (TYPE COST) 
(BENDS ((31) (00))) 
(AVERAGE COST 1.168) 

(BENDMAP~(((3 ) 1 -2.000 -20.000 320.000 « ROBOT JIOO LING* • ROBOT.TOOLING " 0 H02.0 

00 ) )) 

(ROBOT LOC (1 1 S 10 ISO. 000 1.250 182.500 0.000 1 2 0 0.000 )) 
(REPOJUOC (113 4 ISO. 000 5.000 25.000 0.000 103.919 )) ) ) 

FROM MOVING: 

(GET ( (TYPE MESSAGE) (NAME HONS) (FROM N0VXHQ) (TO PLANNHW) (SCATS REPLY) ) 
( (TYPE COST) 
(SAVE (AVBWB3JD0ST )) 
(TIME 2.250) 
(AVERAGQJOOST 2.250) 
mjOOST 9.000) ) ) 

PATH: ((0 0 16) (3 1 12551(4 1 1244}) 

(4 1 1244) SUCCESSORS! ((1 1 0) (2 1 0) (0 0 0)) 



TO GRASPHIQi 

(GET ( UTTPB MESSAGE) (PROM FLAHHXZX3) (TO GRASPI2X3) (STATE BBQOBST] ) 
( (TYPE GRASPJCOST) 

((3 1 ) (4 1 ) (1 1 ) )) 
12) 

_ 11) 

(BOO0V0C (1 1 9 10 150.000 1.250 182.500 0.000 1 1 0 258.338 )) 
(FUWaLPOT«BEPOR^BEMD 20.000) 
(PXAICTLPOX JUPTER JESD 20.000) 
(PSRM7XABLB TRDE) 

( wcnrot 3) 

(CBSRRJDOOSD 10) ) ) 
PROM GRASPING: 

(GET ( (TYPE MESSAGE) (NAME NONE) (PROM GRASPING) (TO PLANNOX3) (STATE REPLY) ) 
( (TYPE GRASP JCOST) 
(TIME INFINITY) ) ) 

TO GRASPING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO GRASPING) (STATE REQUEST) ) 
( (TYPE GRASP_COST) 
(BENDS ((3 1 ) (4 1 ) (2 1 ) )) 
(NROBOT 12) 
( ROBOT_LXNES 11) 

(ROBOT.LOC (1 1 9 10 150.000 1.250 182.500 0.000 1 1 0 258.338 )) 

(FLANGE_HGT_BEFORE_BEND 20.000) 

( PLANGE.HGT.AFTER.BENO 20.000) 

(PERMUTABLE TRUE) . 

(NCENTER 3) 

(CENTER.. COORD 10) ) ) 

FROM GRASPING* 

(GET ((TYPE MESSAGE I (NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) 1 
(ITYPE Cn*SP_COSTI 
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(PREDICTED.REPOS 1) 

(TIME 0) 

CH_CQST 30) 

(AREA_PCT 97.734) 

(PERMUTABLE TRUE) 

(FLANGE_KGT_BEFORE_BEND 20.000) 

( FLANGE_KGT_AFTER W BEND 20.000) 

(SAVE (NROBOT ROBOT_LXNES ROBOT_LOC FLANGE_HGT_BEFORE_BEND FLANGE_HCT_AFTER .BEND 
PERMUTABLE MCENTER CENTEHjOOORD ) ) 

(ROBOT.LOC (1 1 9 10 150.000 1.250 182. 500 0.000 10 0 520.116 )) 
(HROBOT 1) 
{NCENTER 4) 
(CEHTBL.COORD 14) 
(ROBOT_LIKES 15) ) ) 

TO TOOLING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO TOOLING) (STATE REQUEST) ) 
((TYPE COST) 
(BBHQS 1(3 1) (ID (2 1) )1 

(BEKDMAF (({3)1 -2.000 -20.000 320.000 •ROBOILJTOOL231G* •RODOILTOOLDW 0 U02.0 
00 ) ((4 1 1 98.000 -98.000 200.000 •RQBOTL.TOOLXNa- •ROB0TLT0OL1M0* 0 1102.000 ) )) 
(SJCDST 6001 ) ) 

FROM TOOLTWGf 

(GET ( (TTPE MESSAGE) (NAME NONE) (FROM TOOLING) (TO PLANNING) (STATE REPLY) ) 
((HPS OOST) 
(COST 0) 
(TXMB 0) 

(BOLD (FZHELK9XX0KJPLAN )) 
(FlKBLWTXa^JOOST 0) 

% \ (FZHgJ«n»LffAtf (() ((130.000 120.000 57.000 0.000 ) (0.000 0.000 57.000 0.000 
) (Q.OOO' -€0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.00 
0 d.OOO 0.000 0.000 ) (S.OOO 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 I (5.000 0.000 0 
.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (S.OOO 0.000 0.000 0.00 
0 ) ) )) 

(SAVE (STAGES BEHEMAP QJ30ST )) 
(STAGES (1 )) 

(BEKEKAP (((3)1 -2.000 -20.000 320.000 •ROBQ^JtOQUSO- •ROBOTJIOOLDIG- 0 1102.0 
00 ) ((4 ) 1 98.000 -98.000 200.000 "ROBOXJtOOLXBG* 9 ROBOCjroaSiXM9 9 0 1102 .000 ) ((2)1- 
2.000 -0.000 298.000 MtOBOTJJOOLXNO* •ROBOtLTOOLHW 0 1102.000 ) )) 

(HJ3QST €00) ) ) 

rGET°((TrPE ME SSAGE ) (FROM PLANNING) (TO MOVING) (STATE REQUEST) .) 
( (TTPE OOST) 
(BENDS ((31) (41) (21) )) 
(AVERAGE-COST 1.304) 
( PREDICTED _HEFOS 1) 

(BENDMAP (((3 ) 1 -2.000 -20.000 320.000 •ROBOT.TOOLINB- -ROBOTJIOOLING* 0 1102. C 
00 ) ((4 ) 1 98.000 -98.000 200.000 -ROBOT_TOOLING- * R0BOT_TOOLING • 0 1102.000 ) ( (2 ) 1 - 
2.000 -0.000 298.000 "ROBOT.TOOLING- * ROBOT_TOOLINC " .0 1102.000 ) )) 

(ROBOT_LOC (1 1 9 10 ISO. 000 1.250 182.500 0.000 10 0 520.116 )) ) ) 

FROM MOVING: 

(GET ( (TYPE MESSAGE) (NAME NONE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERAGE.COST )) 
(TIME 2.14*) 
( AVEJUCE.COST 1 . 584 1 
<H_COST 3.168) ) ) 

lO ti&ASPlMO; 

(GET ((TYPE MESSAGE) (FROM PLANNING) (TO 0RA£P1I*& (STATC U30VBST) \ 



138 

SUBSTITUTE SHEET (RULE 26) 



WO 96/15481 



PCI7JP95/02291 



APPENDIX C 



( (TYPE REPO_COST) 
(BENDS (OX) (4 1) (0 0) )) 
(KROBOT 12) 

{ ROBOT JLIKES 11) _ _ co , no 

(ROBOT_L0C (1 1 9 10 ISO. 000 1.250 182. S00 0.000 1 1 0 2SB.338 )) 
( FLANGE_HCT_BEFOR£_BEND 20.000) 
<FLANGE_ - HGT_AFTER_BEND 20.000) 
( PERMUTABLE TRUE) 
(NCE2JTER 3) 
(CENTER t _COORD 10) 
(KB ENDS 1) ) ) 

FROM GRASPING: * 

(GET ( (TYPE MESSAGE) (NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 

( (TYPE REPOjCOST) 

(TIME 30) 

( PREDICTED^REPOS 0) 
(HJCOST 0) 
(AREAJPCT 6 9.750 ) 

(PERHCrXABLE TKOB) 

(SAVE (PREVLJbDBOIL^OC NREPO REPOJLJKES REPO_ LOC PERNOTABLE 

(PREVLItOBOTLJiOC (1 1 9 10 150.000 1.250 182.500 0.000 1 1 0 256.338 || 
(NREPO 39) 
(RBPGLUBES 1€) 

(RSPO.J0C (1 1 3 4 140.000 5.000 25.000 0.000 95.802 )) 
(NCTOTER 1) 
(CENtEBJDOORD 17) ) ) 



TO MOVXNOt • 

(GET ((TXPE MESSAGE) (PROM PLAHSXN3) (TO H97ZBS) (STATE REQCEST) ) 
t (TYPE COST) 
(88SDS 1(3 1 ) C4 1 ) (0 0 ) )) 

Soil l # i°2.000 -20.000 320.000 -ROBOCjroaLlKI- * ROBOT TOOLING" 0 1102.0 
00 1 ((4 ) 1 98.000 -98.000 200.000 •ROBO^JtOOLXW •RDBOOLZOOLIWJ* 0 1102.000 ) )) 
(WMTjloC (1 19 10 1SO.O0O 1.250*82.500 0.000 1 1 0 2S8.338 )) 
(REPO.JOC (1 1 3 4 140.000 5.000 25.000 0.000 95.802 )) ) ) 




FROM MOVING t 

(GET ((TYPE MESSAGE) (NAME NONE) (PROM KJV2H3) (TO PXMOCBIO) (STATE REPLY) ) 
C (TIPS .COST) 

(SAVE (AVERAGSJSOST )) 

(TIME 1.967) 

(AVERAGE-COST 1.635) 

(HjCOST 3.271) ) ) 

PATH: ((0 0 16) (3 1 1255) (4 1 1244) (2 1 1241)) 
BEND_NODE (2 1 1241) SUCCESSORS: ((1 1 0) (0 0 0) ) 

TO GRASPING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO GRASPING) (STATE REQUEST) ) 
( (TYPE GRASP_COST) 
(BENDS ((3 1) (4 1) (2 1) (11) )) 
(KROBOT 1) 
(ROBOT LINES IS) 

(ROBOtIlOC (1 1 9 10 ISO. 000 1.250 182.500 0.000 1 0 0 520.116 H 
(FLANGE_KGT_BEFORE_BEND 20.000) 
(FLANCE.HCT.APTER.BEND 20.000) 
(PERMUTABLE TRUE) 
(NC8NTER 41 
(CENTER.COORD )4) ) I 
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FROM GRASPING: 

(GET ( (TYPE MESSAGE) (NAME NONE) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE GRASP.COST) 
(TIKE INFINITY) ) ) 

TO GRASPING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO GRASPING) (STATE REQUEST) ) 
( (TYPE REPO.COST) 
(BENDS 1(3 1) (4i ) (2 11 (0 0 1 }) 
(NROBOT 1) 
(ROBOT_LIMES XS) 

(ROBOT_LOC <1 1 9 10 ISO. 000 1.2S0 182. 500 0.000 1 0 0 520.116 )) 

( FLANGE JGTJEFORE.BMD 20.000) 

(FLANGE.HGT.AFTERJQJD 20.000) 

(PERMOTABLE TRUE) 

(NOKTER 4) 

(CENTER^COORD 14) 

(NBENDS 0) > ) 

FROM GRASPING i 

(GET ( (TYPE MESSAGES) (NAME WOMB) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE REPQJDOST) 
(TIME SO) 

CPMUUJHgLBEPOS 0) 
(VJQOST 0) 
(AREA^PCT 93*250) 
(PERMOTABLE TRUE) 

(SAVE (FREV.JtOBOT.JJOC NREFO REPO^TiTVES RHFO_tf>C 



{FREVJU0BO5JX)C (1 1 9 10 150.000 1.2S0 182.500 0.000 1 0 0 520.116 )) 
(1ZREPO 27) 
{REPGLJjZBES 18) 

(REPQJOC (1 1 3 4 160.000 5.000 2S.00O 0.000 95.813 )) 
WESTER 1) 

(cnxnuoooBP 19) 1 ) 



TO HOTXHSt 

(GET ( (TYPE MESSAGE) (FROM PLASHING) (TO NOTZB9) (STATE RBQQEST) ) 
((TIPS COST) 
{BENDS ((3 1 ) (4 1 ) C2 1 ) (0 0 ) )) 
(AVERAOEJSOST 1.5S4) 

(BENDKAP (((3 ) 1 -2.000 -20.000 320.000 -ROOOTjrOOLIHB' •ROBOTjrOOXJWr 0 1102.0 
00 ) ((4 ) 1 98.000 -98.000 200.000 •R0B0TJC00UW3* •MBOILJT00LIB3- 0 1102.000 ) ((2 ) 1 - 
2.000 -0.000 298.000 •ROBOILSOOLOBO* *ROBOt_lO0UB8r 0 U02.000 ) )) 

CROBOTJUOC (1 1 9 10 150.000 1.250 182.500 0.000 1 0 0 520.116 I) 

(REPO_LOC (113 4 160.000 5.000 25.000 0.000 95.813 )) ) ) 



FROM MOVING: 

(GET ((TYPE MESSAGE) (NAME NONE) (FROM MOVING) (TO PLANNING) {STATE REPLY) ) 
( {TYPE COST) 
(SAVE (AVERAGE.COST )) 
(TIME 3.031) 
(AVERAGE_COST 2.066) 
(H.COST 2.066) ) ) 



PATH: ((0 0 16) {3 I 1255) (4 1 1244) (2 1 1241) (0 0 1239)) 
REPO_«OOE (0 0 1239) SUCCESSORS: ((1 10)) 



TO GRASPING: 

(GET ( (TYPE MESSAGE) (FROM PLANNING) (TO GRASPING) (STATE REQUEST) I 
( (TYPE GRASP JCOST) 
(SENDS II3I!HIJ(ZI)IOOIIU))I 

(PREV ROBOT LOC (3 J 9 10 150.000 1.250 182. 500 0.000 1 0 0 520.1)0 )) 
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(NREPO 27) 
(RBPO LINES 18) 

(RBPoZuoC (113 4 160.000 5.000 25.000 0.000 95.813 )) 
( PERM/TABLE TRUE) 
(NCENTER 1) 
<CENTER_COORD 19) ) ) 

(GET UTYPe'kESSAGE) (KAME NONE) (FROM GRASPING) (TO PLANNINQ) (STATE REPLY) ) 
((TYPE GRASP JCQST) 
( PREDICTED JREPOS 0) 
(HJCOST 0) 
(TIME 0) 

CAREA^PCT 97.562) 
(FLANC£LJIGTJBEFORIL-BEND 20.000) 
( FIANGEL-PGT_AFTER_BEND 20.000) 
(PERHUTABLE TRUE) 

(SWeI^JWBOT^OC ROBOTJXC NROBOT ROBOTJ-INES REFO_LOC NREPO REPO.LINES FLAN 
GELPCTJEPOR^EHD FLAWC3E^WT^AFTERJEND PERMUTABLE ^CENTER CEMTER^COORD ) ) 

twaaarjjx <i i 3 4 200.000 5.000 20.000 0.000 000 50.982 )) 

(HROBOT 131 
WCXXTTBL 2} 

ccmmjoooBD 20) 

ImU^lOC Cl 1 9 10 150.000 1.250 182. S00 0.000 1 0 0 520.116 )) 
(BEPOJOC (1 1 3 4 50.000 S.000 25.000 0.000 144.281 )) 
(NREPO 27} 
(REPOJCJKES 22) ) ) 

TO TOQLINDt 

(GET ((TYPE MESSAGE) (FROM PZAMRXS9) (TO TOQLXNO) (STATE REQUEST) ) 
{ (TYPE COST) 
(BOSS {(31) (41) (2H (HI )) 

(WM ( (((i J 1 -2.000 -20.000 320.000 •R0BOT_TOQLI»3' •RQBOTJEOOLXHG* 0 1102.0 
00 ) ((4 ) 1 98.000 -98.000 200.000 •ROBOX-T0OLIH3" •XOBOKJtOaum* 0 1102.000 ) {(2 ) 1 - 
2.000 -0.000 298.000 •RfiOOTL.TOOLXBQ* •ROBOTJIOOLIOT* 0 1102.000 ) )) 
— 600) } ) 



(GET ((TYPE MESSAGE) (KANE H0BB) (FROM TOOLUW) (TO PXANNZW3) (STUB REPLY) ) 
( (TYPE O0ST) 
(COST 0) 
(TIME 0) 

(BOLD (FXNE_H0TXOK^tAN )) 
(PXH B— K OTIOWj COST 0) 

(FINELKOTION PLAN (() ((130.000 130.000 57.000 0.000 ) (0.000 0.000 S7.000 0.000 
) (0.000 -60.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.00 
0 0.000 0 000 0 000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0 
.000 0.000 ) (S.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.000 ) (5.000 0.000 0.000 0.00 
0 ) ) )) 

(SAVE (STAGES BENDMAP K_CQST )) 

iaSSp^ni ) 1 -2.000 -20.000 320.000 -robot_tooling- -robot jtooling- 0 1102.0 

00 ) ((4 ) 1 98 000 -98.000 200.000 •RQBOT_TOOLING* • ROBOT_TOOLI NO " 0 1102.000 I CI2 ) 1 - 
2.000 -0.000 298.000 • ROBOT JTOOLING- •ROBOT.TOOLING- 0 1102.000 I ((1 ) 1 -2.000 -0.000 30 
O.OOf) -ROBOTJTOOLING- -ROBOT JTOOLING* 0 1102.000 ) )) 
(H.COST 600) ) ) 

TO MQV1NC.* 

(GET ( (TYPE MESSAGE) (FROM PLAfOMHGI (TO MOVING) (STATE REQUEST) ) 
( (TYPE COST) 
(BENDS 11} 1 ) 14 1 ) (1 i ) (0 0 ) (1 1 ) )) 
{ AVERAGE JTO$T 2.066) 
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(BENDHAP (((3 I 1 -2.000 -20.000 320.000 " ROBOT_TOOLING * -ROBOT TOOLING' 0 
°° ' <<< » 1 »«.000 -98.000 200.000 -IM8OT_.T00LXNC- "IWBOTJIOOLINC- 0 UO2T0OO | i«f°?- 0 
2.000 -0.000 298.000 •ROBOT.TOOLMO- •ROBOTjroOUNC- O 1102.000 » {(1 ) 1 -2. 000 -0 iJLV 
0.000 •ROROT.TOOLING* • ROBOT .TOOLXMS- 0 1102.000 ) )) 000 30 

(RBPO.LOC (113 4 SO. 000 S.000 2S.000 0.000 144.281 )) 
(ROBOT.LOC (113 4 200.000 5.000 20.000 0.000 0 0 0 SO .982 )) ) J 

FROM MOVING: 

(GET ( (TYPE MESSAGE) (HAKE MOKE) (FROM MOVING) (TO PLANNING) (STATE REPLY) ) 
( (TYPE COST) 
(SAVE (AVERACE_COST )) 
(TZHE 4.004) 
(AVERAGE_O0ST 2.S50) 
(H_COST 0.000) ) ) 



Thar* are 12 nodes in Che graph and 6 nodes are still on 
SOLUTION: ((0 0 16) (3 1 1255)14 1 1244) (2 1 1241) (0 0 1239) (1 1 641)) 

PATH* ((0 0 16) (3 1 12SSH2 1 2244)) 

PATH: ((0 0 16) (3 1 1255) (4 1 1244) (0 0 1245)) 

PATHt ((0 0 16X3 1 12SS)(0 0 1254)) 

PASHt ((0 0 16) (1 1 1255)) 

nSBt ((0 0 16) (4 1 1256)) 

PATH: ({0 0 16) (2 1 1256)) 

TO GRASPING 1 

«** (<T CTB MESSAGE) (H AMS LOADER) (PROM PLAHHXBG) (TO GRASPING) (STATE REQUEST) ) 
( C TTPB S0CTX0N) 
(GBQMETAT 2) 

(BOBOZLLOC (1 I 9 10 150.000 1.250 182.S00 0.000 1 0 0 520.116 }) ) ) 
TO\G3tASPlJJQt 

<t ™ MBSSAGS) (HAKE QKLOAPER) (FROM PLANKING) (TO GRASPING) (STATE REQGEST) ) 
( (TIPE t ULTJ.UK ) ' 

fomsar si 

C80B0UOC (1 1 3 4 200.000 5.000 20.000 0.000 0 0 0 50.982 )) ) } 
TO VOQLXBQt 



(roams ccct ct message) (from plmjhtc) (to toolito) tsmm rbqoesti i 

( (TIPS PXAH) ' ^ ' 1 

(1 }) 



» — — i* if 
PROH GRASPING: 

(GET (C "mS^iotSr ME LaW>ER> (FR0K GRASPZ,,C, (TO (STATE REPLY) ) 

(NO_OF_CUPS 2) 
(TIME 600) 

(LOCATIONS ((48.000 120.000 ) (308.000 120.000 I )) ) ) 
r«OH GRASPING: 

(GET ^TYP^MES^)^HAME UN LOADER) (FROM GRASPING) (TO PLANNING) (STATE REPLY) ) 

(MO_OF_CUPS 2 J 
ITIME (00) 

~~ ( LOCATIONS ((48.000 100. 000 ) (268.000 100.000 ) )) ) J 
FROM TOOLING: 

(P1MAL« E< MTYPE^MESSAGE) (NAME HONE) (FROM TOOLING ) (TO PLANNING) (STATE REPLY) ) 

(STAGE 1) 
I LENGTH 294) 
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(SIXES (160 100 20 15 1 I) 

tXJLOCATTQH 1102.000) 

(PUNCH •ROBOT.TOOLIMC;-) 

(DIE • ROBOT JTOOLING-) 

(DIEL.V_KUHBER 1) 

( POUCH -HOLDER •ROBOT.TOOLINC" ) 

(DiejiOLDER -S3100"> ) ) 

> quit 
(OUIT ) 

Shutting down experts: (GRASPING TOOLING MOVING ) 
Task PLANKING is exiting. 
Task PLANNING is exiting. 
Task main is exiting. 
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History: Created September 14. WM - Richard Moore 

ReVl " f d ^^«^rixe_point- attribute with generic type 
to indicate which point was being memorised 




Rev 2 — Sep 19. 1994 _„..,_., 

»rise_poinf ehanoed to 3 different attribute names 
rise f inalDoint • . -memorixe_preloadpoint • 

^enorixe_loadpoinf which need the ideal coordinates 

(5- tuple) of the point being memorised 
Rev3 — Sep 22. 1994 

History started 

(robot_ygage (Ylimit Yslowdown) » changed to 
(robot_ygage (Ygoal Ylimit Yslowdown) I 

<robot_Jcgage (Xlimit Xaiowdown) ) changed to 
(robot jcgage (Xgoal Xlimit Xslowdown) ) 

»rise_final_poinf changed to -■e«»rise_bsnd_poinf 




(print ((type message) (from planning) (to sequencing) (state request) ) 
((type pause) ^ • H J ) 

((typ* nc9r) 
(bond 1} 
(tmito sn) 
(backoao* 27.220) 
(bndfaold 2.000) 
(fiaalaUpth 2.149) 
(plnrtipolnt 4.719) 
(pollbacfc 25.400) 
(slowdown 15.000) 
(spowd 7) 
(daUy 2*000) 
(lowoxstop 80.000) 
IbttdLml* 90.0) 
(bo04J.*agth 100*0) 
(tenCLposltlon 0.0) 
(£l-tng«ul«ngth 22.0) 
(bgageL.«bs^ov«((nO ZR0 XL0 ZL0 Y0) 
(XR1 ZR1 XL1 ZLL Yl) 
(XR2 ZR2 XL2 ZL2 Y2) 
(XR3 ZR3 XX*3 SL3 Y3) 
(TRA ZR4 XU 2X4 Y4) 
(XRS ZRS XLS ZLS YS) 
(XR€ ZR6 XL6 ZLS Y6) ) ) 

( (type nc9r) 
(tend 2) 
< units m) 
(backgagc 42.220) 
(b4«ndhold 2.000) 
(Cinaldepth 2.149) 
fplnchpoint 4.719) 
(pull bock 25.400) 
(slowdown 15.000) 
<*peod 7> 
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(delay 2.000) 
(lowers top 60.000) 
(btn<Langlc 90.0) 
(bend. length 100.0) 
(bend_po8ition 0.0) 
(flenge_length 22.0) 
(bgage_ahs_move((XIl7 ZK7 XL1 ZU1 Y7) 

(XR8 ZR8 XLB TLB Y8) 

(XR9 ZR9 XL9 ZL9 Y9) 

(niO ZR10 XL10 2X10 Y10) 

(XR11 ZRX1 ZU1 ZL11 Til) 

(XR12 ZR12 ZL12 ZU2 Y12) 

CXR13 ZR13 XL13 21*13 Y13) )) 

(print ((type message) (from planning) (to sequencing) (state request) ) 
((type pause) 
(message ( •ready to start first part... ■ )) ) ) 



9 initialise all systems, verify the starting state 

Him startup/ < n1 r 1 s 11 fa/verity iiifimii 

iltiitfiiiiiiiiiiifiiifimiiitiitiff iff m iiifftfiifiilf#»ii»ifif>ftiii#iiifii 
(startup I (typo —a age) (from planning) (to sequencing) (state request) ) 
CCtypo presabrake) 

(abends 2} 

(nparts 10) 

(die-pidth 7.000) ) 
((typo robot) 

(gripper close) 

(robot- woo d C) 

I oonftra that robot is in reference position 
l if not, ash the operator to pot it there 
(varifxjeobot (Zrof Tref Xrof Fitchref TawrsfJ) 
V awe robot to standby po si tio n 
(robot-jabsL-sma ((X T S Pitch Taw) ]) ) 
((typo baokoaoe) 

I confira that bachgago is in referee 
I if not, ask the ©paxator to put it 
(verifyjDgage OOtref Oraf XLraf ZLref Yraf)) 
i novo robot to position tor first band 
(bgage^ba^oee (2X0 SIP XI* BO TO) } } ) 

2 1 nisnnsntij 2i$nnj>7n9:n?99i9nt9$9i999999ii99itJJ*9i9tjn9isti$Mnjt 
92 9999 Acquire part fron loader/un loader jjjiij;*;; 

99999999 2 2 999 9929999999999 99999 999 9999999999 99999999999 999999999999999999999992 

(got ((type nessage) (from planning) (to sequencing) (stats request) ) 
((typo loader) 
(robot_speed €) 

; move robot to point just outside of part aquisition part. 
; that is, the part is not within the gripper yet 
(robot_abs_move ( (X Y 2 Pitch Taw) 

(X Y Z Pitch Taw) 

(X Y 2 Pitch Yaw) ) ) 
; now ask the operator to adjust the 2 height manually for 
; safe loading (in case of part droop) 
(robot_zgage (Zmax Zmin) ) 

; memorize this point as the preload point — it will be sent 
; back to the process manager in the reply 

<iaemorize_preload_point (Xideal Yideal Zideal PXTCHideal YAW ideal)) 
; move robot gripper in ths X-Y plane to the proper X-Y point at 
; the current 2 height 

(robot. re) _wovo {idZ cY dZ dPit.cn dYow) ) ) 

; move~robot to the ideal part acquisition point 
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(robot abs.move ( (X Y Z Pitch Yaw) ) 

(exehange_part 10.0) ; wait Cor 10 seconds after getting part 

(robot abi.i»v€ ( CX Y Z Pitch Yaw) 

(X YZ Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) ))) 



(bend 



; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; 1 1 : i i : : s MiHnitMittnntii* : * t •* •* * * * * * •* •* • • • • • • * « 

Bend #1 ; ; ; j j ; ; ; ; ; 

load the part into the prossbrake, measuring the £» Y and X offsets 
and sending them back to the process man a g er 
(put ((type message) (from planning) (to sequencing) (state request) ) 
((type pressbrake) 
(robot. speed 6) 

; move robot into pre-loading position to start x -gaging 
; this will compensate for part droop 
(r©bot_abs_mov* ((X Y Z PitcSh Yaw) 
(X Y Z Pitch Yaw) 
(X YZ Pitch Yaw) 
CX Y Z Pitch Yaw) )) 
for now, request the operator to adjust the % height manuall y 
re (issue tadai) 

this point as the preload point — it will be sent* 
to the papoose ssnspsr in the reply 

xe_preload_point (Xideal Tides! Cldeed PXTCHideal YMff ideal) ) 
in the Y direction to get into the die specs 
xaX-nore (<dX 6T dZ dPitch draw)) I 
to the initial loading point in conctact with the' die 
((XT X Pitch Yaw)) | 
initial y gaging 

(Ygoal YXiait Yslowdowol) 

of the part sad into position for 



> 



offset the 



((XU ZB1 XL1 ZLl XXI 
(XB3 2S2 XL2 ZL2 X2|>) 
tway frost the goal X position 
(CdX «r dS dPitch draw)) 
into final position £ 
((XX3 ZS9 XU XU Y3)J ) 
to final X po s i t ion 

(Xgoal Xlinit Xslowdowa)) 
that in in contact with pert 
((XM ZXU XX4 XU Till 1 
■owe part hack in Y to the corrected starting point 
this will be the point used in the next part 
(CdX dY dS dPitch dYawl) } 
to final y-gaging position 
bgage_abe_move C(XR5 ZBS XLS ZLS YS1> ) 
memorize this point as the load point — the point before 
final y gaging. This will be sent back to the process 
manager in the reply 
memorixe.loadj)oint (Xideal Yideal Xideal PXTCHideal YAltfideal) ) 

final y~gaging before bend 
robot_ygage (Ygoal Ylinit Yslowdown) ) 
memorize this point as the final point — the point after 
final y gaging and before bending 

ic will be sent back to the process manager in the reply 
»>emorize.bend.point (Xideal Yideal Xideal PXTCHideal YAWideal) )) 

type massage) (from planning) (to sequencing) estate request) ) 
type -follow) 
bend. angle 90.000) 
part ..thickness 1.219) 
press.trevel 2.570) 
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- Dullback the backgage to clear bending process 

: lL motion cos«siids here ere executed after the pinchpoxnt 

'<bgage_ebs_-ove ( (XR6 IR6 XL« ZL6 Y6H ) 

> ) 

(get ((type message! (from planning) (to sequencing) (gute request) ) 
((type press broke) 

; nde can be punch_contact or die_contact 
(node die_contact) 

; any -otion cosnands here will be executed after the press has 
; been l o w ered 

; perform unloading wove. This can be via robot_fine_nove or 
; robot_rel_swve or rQbot w abs_e»ve 
(robot abs_*x>ve ( (X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y 2 Pitch Yaw) 

(X Y Z Pitch Yaw) ) ) ) ) 



; wove backgage into position for nast- . . . ^r*™***! l 

(awe ((type sissescrtt (frm planning) (to sequencing) (state request) ) 
/ (tvx>e 11 near I 

<bo*ge^bsuswee ((XB7 ZH7 XL7 XL7 Y7) ))>) 

Repo operation ii«in#iii 

s put part 1 ****** repo gripper 4 . 

(put ((type sttMgs) (from planning) (to sequencing) (state request) ) 

Cltwe CJ 

• mnm tasx t to point just outside of repo gripper. 

J g^ptr %dU be opened first thing fay this, 'put' 
({X Y Z Pitch Yaw) 
(Z Y S Pitch tar) 
(X Y X Pitch Yaw) 
{X TZ Pitch Yaw)) ) 

• for sow request operator to adjust X position for repo loading 
(robot_zgag* «e*x XnUDl 

i nsssn lis this point as the preload point — it will be sent 
f w»*»v fen fche nrnooss snsosr in the reply 

(s ssnV 1 tsjr^'^1^"" CZldssl Yideel lideel PXSCBidesl YXMidaalJ) 
i awe in the X-Y plane to put part inside 
<rt3J»t_xeX_sove ( (dX dT dX dPitch dYaw) | 1 
i put part down in ideal repo loading 
(robot^ahs^BOve ( (X Y X Pitch Yaw) ) 
; hand off the part free robot to repo 

( exchange j>art 3.0) ? wait n seconds after getting part 

) ) 

; get part from repo % . 

(get ((type message) (from planning) (to sequencing) (state request) ) 

((type repo) 
(robot .speed 6) 

; novo part to point just outside of reg rasping position. 
; robot gripper will be opened first thing in this 'get' 
(robot abs_aiove ((X Y Z Pitch Yaw) 

<X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(Z Y Z Pitch Yaw)) ) 
; .for now request operator to adjust 2 position Cor regrasping 

< robot _xgage (2ma* Z»in») 

; memorize this point as the preioed point it will be sent 
; back to the process manager in the reply 

ls^rixLpreload.po<nt (Xideal Yideal Zideal MTCHideal YAWideel ) ) 
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; move in the X-Y plane to put part inside robot gripper 
(robot r«l_move < (dX dY dZ dPitcn dYaw) ) ) 
; move~robot to ideal regrasping position 
(robot_abs_move C CX Y Z Pitch Yaw) ) 

<exchange_p*rt 3.01 ; wait n seconds after getting part 

) ) 



■ • * 
• • • 



Bend 12 

load the part into the pressbraJca. measuring the X. Y and X offsets 

and sending then bade to the process manager 

(put ((type message) (from planning) (to sequencing) (state request) 1 
( (type pressbrake) 
(robot_speed €) . 
; move robot into pre-loading position to start x-gaging 
; this will compensate for part droop 
(robot abs_ttove ((X Y X Pitch Yaw) 
CX Y Z Pitch Yaw) 
(X Y X Pitch Yaw} 

CX T X Pitch Yawl )) ^ m ^ 

j for now, request the operator to adjust the Z height 
(robot-xgage (Xmsat Xadal! 

i 
t 
(i 

i 



_'se this point as the preload point — it will be sen£. 
to the iiocass smsmwjer in too reply 

xe^reloaeLpolnt (Xideal Yideal rideal PITCH! ileal YAWideal) ) 
in the Y direction to oat into the die 



(xohot^yol jsw tfdX dr dX dPiteh dYaw)> ) 



to the initial loading point in conctact with the die 



(xobot^he^jDOwe (CX Y Z Pitch Yaw)} ) 



J 



initial y 



(roboc^ygage (Ygoml Ylisdt Ys lowdo wn )) 



of the pert and into position for 



I 

(b^eZphsUam CCXX8 ZBB XU XU Y8> 

CXU ZS9 XL9 XLS »)» 
I offset the past away from the goal X i 
(robot~rel_asnr* (CdX dY dX dPitch dXawl) ) 
t move backnage into final position for x-gmging 
Cbga< mjahejsi ee (CXB10 BttO XL10 ZLLO Y10)) ) 
I gage to final X posi t io n 
trobot^cgage (Xgoal XUmU Xalowdown)) 
, move finger that is in contact with part clear 
(bo*ge_aba_nove {(nil XR11 XLU XLU till) 1 
i move part back in Y to the corrected starting point 
; this will be the point used in the next part 
<robot_rel_nove <<dT dY dX dPitch dYaw) ) ) 

• memorize this point as the load point — the point before 
; final y gaging. This will be sent back to the process 

(im^SLloao^^^Xidaal Yideal Xideal PITCKideal YAWideal)) 
; move hackgage to final y-gaging position 
(bgage.abs^move ( CXR12 XR12 XL12 XL12 Y12)) ) 
; final y gaging before bend 
<robot_ygage (Ygoel Ylimit Yslowdown)) 

; memorise this point as the final point the point after 
; final y gaging and before bending 

• ic will be sent back to the process manager in the reply 
imemorixc.bend^point (Xideal Yideal Xideal PITCHideal YAWideal) )) 

(bend < (type message I (from planning) (to sequencing) estate Teqwest) ) 
Utype follow) 
(bend onole 90.000) 
(portjthickness 1.219) 
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(press_travel 2.570) 

; pull back the backgage to clear bending process 

; any motion commands here are executed after the pinchpoint 

(bgage.abs.move ((XJU3 ZR13 XL13 ZL13 Y13)) ) 

) ) 

(get ((type message) (from planning) (to sequencing) (state request) ) 
((type pressbrake) 
; mode can be puncu_contact or die_contact 
(mode die_contact) 

; any motion commands here will be executed after the press has 
lowered 



; perform unloading move, this can be via robot_f ine_move or 
; robot_rel_move or robot.absjaove 
(robot_abs_move ((HZ Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(ZYZ Pitch Yaw) | ) ) ) 

9 99999 999 9 999 9 9 9999* ************************************************ *********** 

199999 Part Unloading ****::**:: 

91999999999999999 999 999*9*9* 99999 1 9999999999******************* *^h** ***** * 



(put ((typo message) (from planning) (to sequencing) (state 
((type loader) 
(robot^speed 6) 
9 move part to position 
(robotuabejBovm ( 

(X T Z Pitch Yaw) 
(XT I Pitch Yaw) 
(X YX Pitch Yaw)) ) 
j request operator to adjust the height of robot 
Irobotj gs ge(gmnx Iain)) 

> ■is m !■■ this point as the preload point — it will be 

l back to the process manager in the reply 

(momni \ ■ «_uro1onfl joint (Zidaal Yideal Xideal PXtGBideal YMfldaal) ) 

(MBbBBOCPirt 10.0) 
( 

(X Y Z Pitch Yaw) 
(X Y Z Pitch Yaw) 
(X Y Z Pitch Yaw)) ) ) ) 



Part «2 



71 9 9 9 2 99 999 9 1 9 999* i:*:*9 9:99S9 99 999 9999**99 ****** ************ ***************** * 
9999 H NCPR programming 9999 7 *99:: 

;;;;;;;;;;;;;;;;;;;;?;;;; ;::;::: 79: :::::::::: ::: 97::*:*:******** 999999*9::****: 
(program ( (type message) (from planning) (to sequencing) (state request) ) 
((type nc9r) 

(bend 1) 

(units mm) 

(backgage 27.220) 

(bendhold 2.000) 

(finaldepth 2.149) 

(pinchpoint 4.719) 

(pullback 25.400) 

(slowdown 15.000) 

(speed 7) 

(delay 2.000) 

(lower st op 80.000) 

(bend_angle 90.0) 

(bend. length ioo.O) 
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(bend_posiclon 0.0) 

C f lange_length 22-0) 

(bgage abs.«ove<<XR0 TRO XLO ZLO YO) 

fXRl ZRl XL1 Zhl YD )) ) 

((type nc9r) 
(bend 2) 
(units m) 
(beckgage 42.220) 
(handhold 2.000) 
(finaldepth 2.149) 
(pinchpoint 4.719) 
(pull back 25.400) 
(slowdown 15.000) 
(apaad 7) 
(dalay 2.000) 
(lowers top 60.000) 
(bend^angle 90.0) 
(band_length 100.0) 
(bend_position 0.0) 
(flanaawlength 32.0) 

(startup ( (type Mmgtl (trcn p innin g) (to seq u e ncln gi lataco *equossi i 
((type pressbraba) 
(abends 2) 
(nperts 10) 
(diajwidth 7.000) I 

•! t 2J. b b2Kll to portion for first band 
i note that this will probably not be etas osso point •* for - 
J flrbttt will bo tho mm as too beckgage position ussd for 
i final backgagino 

czBO no no sea toi i i ) 



(oot ((typs MMSjt) Cffrm planning) (to oo q n o nHng ) (atate I 
((typs loader) 

, (r ^rSo? to gw the port uaing tb. point dotar-ined 



; by operator in first part 

<robot_abs_*wv* I (X It Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) ) ) 
fexchange_part 10.0) i wait for 10 eeeonds after getting part 

(robot.abs.wove < (X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y % Pitch Yaw) ) ) ) 

^ ;;;;;; ; ; : s : : ; ; • ' •' •• « •* ? * •* •* * * •* • : :: : 

••••••••• >•»••*.••• 

Bend f l 

;iM)'*Miiii»»i^' usln * tho — ,ured 2 * v * nd x o€fse " 

; determined in first part run ^ . . 

Iput I Itvoe oossaool Mrom planning) (to ■•quencingl request) » 

I (type pre»*brske) 

! T leao"the*part directly into the press, setting it down in 
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; che position determined in (irsc pert run 
robotlabs.move <(X Y X Pitch Yew 
(X Y X Pitch Yew) 
(X Y Z Pitch Yew) 
(X Y Z Pitch Yew) ) ) ) ) 

• final v eeaing before bend 

(ro^^r(Yyo*l Yllmit Tslc~down) ) ) 



) 



) 

(bend 



<<cype«e.aage) < fro- planning) (to .equencing) Utate request) ) 



((type follow) 
(bendLangle 90.000) 
(part_thietaie«s 1.219) 
(prea-Ltravel 2.570) 
; pullbacfc tT 
s any notion 



) ) 



(b^eS^ove «XR1 ZR1 XXI ZL1 Yl>) ) 

> (stat* request) 1 



(get ( (type &* BDiaQ) <t0 

{ ! t ^^ I ^III^r2!L^coi»tact or die_contact 



, BOM can tm — — 

<■«»• cie-pontact) ^ ^ eaeneutou after the press has 



i any notion 
j been lowered 

j parfot. unloading move. This can be vie robot_tf»«J>ove or 
i robot_ral_«ove or tobot-pba au»o 
<robot_eKSwT< (X T X Pitch Taw 

(X T X Pitch Yew) 

(Z T X Pitch Yaw) 

(X T Z Pitch Taw) ) > ) > 



({typo 

({typo linear) 



lll»l»liM»tll^»>ll»l>>>»»»»»»"i[" u,,M,,, '"" ii»m tin 

,,,,,, "???.7Tt^T»»t*I^»l»fllt»lll»l>»'»"» , " , " ,,,,,,,^l,,,, 



((typo reps) 

(robot_9POOd «) UKiM _ val ^ # determined in firot 

i move part into rep© gripper using a vaaue «- 

! rS gSpper will be opened first thing by this 'put' 
(robot^b.^ (JX jrXPi^hTawJ 

(X Y 2 Pita* Yaw) 
(X Y Z Pitch Yaw)) ) 

; hand off the part from «£YaecI£. a£t . r ycttino part 
( exchange j»rt 3.0) . walc n 
) ) 

ige" SyV^vH «from Pl-nnin,, .to seguenci.*) .state reguo.t, , 
((type repo) 

! r mov.-robot Vo regr.sping position using the r value 
: determined, in xlrst pert _ thJ , ^, 

: robot gripper will be opened •» i r et thing (y t»»g 9" 
irobot.eK.J5va <«* y Z pitch Yew) 
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(X Y 2 Pitch Yaw) 

(X Y Z Pitch Y*%#) 

(X Y Z Pitch Yw) ) ) 

(exchange_part 3.0) ; wait n seconds after getting part 

) > 



;;;;;;;;;;; ;;;;;;;;;;;;; ;;;;;;;;;;;;;; ;:j 



i load the part Into the pressbrake. using the Masured Z. Y and X offsets 
; determined in first part run 

(put ((type message) (from planning) (to sequencing) (state request) ) 
((type pressbrake) 
( robot-sp e ed 6) 

; load the part directly into the press , setting it down in 
; the position determined in first part run 
(robot_abs_move ((X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

(X Y Z Pitch Yaw) 

f X Y Z Pitch Yaw) ))) ) 
; final y gaging before bend 
(robot_ygage (Ygoal Yliadt Yslowdown) ) ) 

) 

) 



(bend ((type message) (from planning) (to sequencing) (state request) ) 
((type follow) 
(bendUangOe 90.000) 
(part-thickness 1.215) 
(press.treval 2.570) 

j pullfaeck the backgage to clear bending process 

i any motion i (■■■nils here are executed after the pinchpoint 

(bgagejbe^move ( (XR3 ZR3 XL3 ZL3 Y3)) ) 

) ) 



(get ((type message) (from planning) (to sequencing) (state request) ) 
"^■™"bo^n ^ i ™ or die-c 




l i i ■—■■■lie e will be executed after the 

i 

i perform vn\ MMm * move, tain can be via 
; robot_re4^move or 
( robot _abs_move ((X Y Z Pitch Yaw) 
(X Y Z Pitch Yaw) 
(X Y Z Pitch Yaw) 
(X Y Z Pitch Yaw) ) ) ) ) 

; move backgage into position for next bend 

(move ((type message) (from planning) (to sequencing) (state request) ) 
( (type linear) 

(bgage.ebsjDOve ( (XR0 ZR0 XLO ZLO Y0) ) ) ) ) 



; ; ; ; ; ; Unloading «' * s 

(put Mtype message) # (from planning) (to sequencing) (state request) ) 
[ (xvpe loader) 
(robot .speed *) 

; move part to position above unloeder 

(robot, a ba_ move ( 

(X X Z PKch Yaw) 
(X Y Z pitch Yawl 
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IX Y Z Pitch Yaw)) ) 
; request operator to adjust the height of robot manually 
<robot_zgage(£nix Zmin) ) 
(exchange_part 10.0) 
< robot_abs_jnov* { 

IX Y Z Pitch Yaw) 

<X Y 2 Pitch Yaw) 

(X Y 2 Pitch Yaw) ) ) ) ) 



Part #3 through N 




;;;;;;;;;;;;;;;;; ; t ;;;;;;;;;;;; i n i j t j 1 1 1 / 1 1 1 999 9 ;;i u i ;;;;;;;;;;;; * ; j ; j ; 
;;;;;; Acquire part from loader /unloader 

;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;; j;; ;;;;; i;;;;; ;;;;;;;; ;;;;;;;;;; 
7 note that the rut of the plan is identical to pare *2 except that the 
; nc9r PROGRAM does not need to be reloaded and the STARTUP is not necessary 
(gat (I type message) (from planning) (to sequencing) (state request) ) 
((type loader) 

6) 

to grasp the part using the point determined 
in first part 

( (X Yt Pitch Yew) 
(X Y X Pitch Yaw) 
(X Y Z Pitch Yaw) ) ) 
<eocchanoe_part 10.0) i wait for 10 seconds after getting part 
(rnhorjhsjnve < (X Y Z Pitch Yaw) 
IX Y Z Pitch Yaw) 
(X Yt -Pitch Yaw) 
(X Y l Pitch Taw) ))) 
$$$$$$$$$$$$$$$$$$$$$$$$$ $$ $$$$ ST $9 9999$$ $$ 9$$$$ $9$$$ 1 $$$$$$$$$$$$$$ $$$$9999999 
*t$$lt\\ Band f 1 $$$999tt99 

999$99$'i$$$9$$$$99$$$$$$9 999 9 9 9ttttt$9ttt 99 99 1 1 $ 9 9 9 9 1 9 9 1 9 1 1 1 9 $ 1 1 1 9 t $9 $$$9 $$1999 

9 load the part into the presshrake, using the measured X, Y end X offsets 
9 determined in first part run 

(put ((type message) (from planning) (to sequencing) (state request) ) 
((type preeahreke) 
(robot-speed t) 

9 load the part directly into the press, setting it down in 
t the position determined in first pan 
(robot_abe_pove ((X Y Z Pitch Yew) 

(X Y Z Pitch Yew) 

(X Y Z Pitch Yew) 

IX Y Z Pitch Yew) ) ) ) ) 
; final y gaging before bend 
<robot_ygage (Ygoal Ylimit Yslowdown) ) ) 

> 



etc • . . 
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CLAIMS 

1. A system for generating a plan which 
comprises a sequence of operations to be performed by a 
bending apparatus for bending workpieces comprising sheets 

5 of malleable material, the bending apparatus having a 
gripper for gripping a workpiece while performing a bend, 
said sequence of operations comprising a set of N bends for 
forming a finished workpiece from a stock sheet of 
malleable material, said system comprising: 

10 proposing means for proposing, for an mth 

operation within the sequence of operations, a plurality of 
proposed operations including a plurality of proposed bends 
to be performed by said apparatus; 

subplan means for providing a proposed 

15 subplan that accompanies each proposed bend; and 

generating means for generating a plan 
including a sequence of bends from a first bend through an 
Nth bend, by choosing each bend in the sequence of 
operations based upon the proposed bends and the proposed 

20 subplan that accompanies each proposed bend. 

2. The system according to claim 1, wherein said 
proposing means comprises means for proposing bends among 
the complete set of N bends that are still remaining, 

3. The system according to claim 1, wherein said 
25 proposing means comprises means for proposing bends among 

the complete set of N bends that are still remaining less 
bends blocked due to constraints . 

4. The system according to claim 1, said 
proposing means comprising means for proposing, for an mth 

30 operation, a repositioning of the gripper "s hold on the 
workpiece . 
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5. The system according to claim 1/ wherein the 
generated plan further includes at least part of the proposed 
subplans that accompany the chosen bends. 

6. The system according to claim 1/ further 
comprising means for representing the mth operation within 
the sequence of operations as an mth level of a search tree. 

7. The system according to claim 5, wherein said 
proposed subplans comprise setup and control information for 
said bending apparatus. 

8. The system according to claim 7, wherein said 
proposed subplans comprise final locations on the workpiece 
at which the gripper will grip the workpiece while 
performing the bends of the sequence of bends. 

9. The system according to claim 7, wherein said 
proposed subplans comprise ranges of locations on the 
workpiece at which the gripper can grip the workpiece while 
performing the bends of the sequence of bends. 

10. The system according to claim 7, wherein said 
proposed subplans comprise numbers, each representing a 
predicted number of repositionings of the gripper needed to 
complete the sequence of bends. 

11. The system according to claim 7, wherein said 
proposed subplans comprise indications that a next bend in 
the sequence cannot be performed unless the gripper f s grip 
on the workpiece is first repositioned. 

12. The system according to claim 7, wherein said 
proposed subplans comprise locations on the workpiece at 
which a repositioning gripper will grip the workpiece while 
performing a repositioning operation between bends of the 
sequence of bends. 

13. The system according to claim 7, wherein said 
proposed subplans comprise indications of tooling stages to 
be utilized to perform the bends of the sequence of bends. 
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14. The system according to claim 7, wherein said 
proposed subplans comprise locations of tooling stages to 
be utilized to perform the bends of the sequence of bends. 

15. The system according to claim 7, wherein said 
5 proposed subplans comprise positions along a tooling stage 

at which the workpiece will be loaded into the bending 
apparatus in order to perform the bends of the sequence of 
bends . 

16. The system according to claim 7, wherein said 
10 proposed subplans comprise motion plans for maneuvering 

around tooling stages in performing the bends of the 
sequence of bends. 

17. The system according to claim 1, further 
comprising estimating means for estimating a cost to be 

15 associated with each proposed bend. 

18. The system according to claim 17, wherein 
said generating means generates a plan including a sequence 
of bends from a first through an Nth bend, by choosing each 
bend in the sequence of operations based upon the proposed 

20 bends, the proposed subplan that, accompanies each proposed 
bend, and the estimated cost associated with each proposed 
bend. 

19. The system according to claim 18, wherein 
the estimated costs associated with an nth bend in the 

25 sequence of N bends comprises a k cost calculated based 
upon an estimated amount of time it will take the bending 
apparatus to complete one or more operations of the bend. 

20. The system according to claim 18, wherein 
the estimated cost associated with an nth bend in the 

30 sequence of N bends comprises an h cost calculated based 
upon an estimated total amount of time it will take the 
bending apparatus to complete one or more operations of 
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each of the rest of the bends in the bend sequence that 
follow the nth bend. 

21. The system according to claim 19, wherein 
the estimated cost associated with an nth bend in the 
5 sequence of N bends further comprises an h cost calculated 
based upon an estimated total amount of time it will take 
the bending apparatus to complete one or more operations of 
each of the rest of the bends in the bend sequence that 
follow the nth bend. 
10 22. The system according to claim 19, wherein 

said one or more operations of a given bend comprise moving 
the workpiece from a tooling stage location of a preceding 
bend to a tooling stage location of the given bend. 

23. The system according to claim 19, wherein 
15 said one or more operations of a given bend comprise 

installing, when setting up the bending apparatus, an 
additional tooling stage that will be needed to perform the 
given bend. 

24. The system according to claim 19, wherein 
20 said one or more operations of a given bend comprise 

repositioning of the gripper's hold on the workpiece before 
performing the given bend. 

25. The system according to claim 20, wherein 
said one or more operations of a given bend comprise moving 

25 the workpiece from a tooling stage location of a preceding 
bend to a tooling stage location of the given bend. 

26. The system according to claim 20, wherein 
said one or more operations of a given bend comprise 
installing, when setting up the bending apparatus, an 

30 additional tooling stage that will be needed to perform the 
given bend. 

27. The system according to claim 20, wherein 
said one or more operations of a given bend comprise 
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repositioning of the gripper's hold on the workpiece before 
performing the given bend. 

28. The system according to claim 18, wherein 
said proposing means and said generating means collectively 

5 comprise a bend sequence planning module, and further wherein 
said subplan means and said estimating means collectively 
comprise a plurality of expert modules. 

29. The system according to claim 28, wherein 
said expert modules each comprise means for operating said 

10 subplan means and said estimating means when said proposing 
means proposes a proposed operation for performance as said 
mth operation within the sequence of operations. 

30. The system according to claim 28, wherein 
said plurality of expert modules comprise a holding expert 

15 module having means for operating said subplan means to 
provide a proposed holding subplan that includes 
information regarding a location on the workpiece at which 
the gripper can grip the workpiece while performing the 
bends of the bend sequence. 

20 31. The system according to claim 28, wherein 

said plurality of expert modules comprise a holding expert 
module having means for operating said estimating means to 
estimate a holding cost calculated based upon whether a 
gripper's hold on the workpiece is to be repositioned 

25 before performing a given bend. 

32. The system according to claim 28, wherein 
said plurality of expert modules comprise a tooling expert 
module having means for operating said subplan means to 
provide a proposed tooling subplan that includes 

30 information regarding a position along a tooling stage at 
which the workpiece will be loaded into the bending 
apparatus in order to perform a given bend. 
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33. The system according to claim 28, wherein 
said plurality of expert modules comprise a tooling expert 
module having means for operating said estimating means to 
estimate a cost based upon an amount of time to install, 
when setting up the bending apparatus, an additional 
tooling stage needed to perform a given bend. 

34. The system according to claim 28, wherein 
said plurality of expert modules comprise a motion expert 
module having means for operating said estimating means to 
estimate a cost based upon a calculated travel time for 
moving the workpiece from a tooling stage location of a 
bend to a tooling stage location of a next bend. 

35. The system according to claim 28, wherein 
said bend sequence planning module comprises means for 
querying each of said expert modules for a subplan and 
estimated costs, and wherein each of said expert modules 
comprises means for responding to a query by returning a 
savelist to said bend sequence planning module, said 
savelist comprising a list of names of attributes, and 
values respectively corresponding to the attributes, to be 
saved by said bend sequence planning module. 

36. The system according to claim 1, further 
comprising prioritizing means for prioritizing proposed 
bends in accordance with bend heuristics determined based 
upon the geometry of the workpiece. 

37. The system according to claim 36, wherein 
said generating means generates a plan including a sequence 
of bends from a first through an Nth bend, by choosing each 
bend in the sequence of operations based upon the prioritized 
proposed bends and the propose subplan that accompanies each 
proposed bend. 

38. The system according to claim 18, further 
comprising prioritizing means for prioritizing proposed 
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bends in accordance with bend heuristics determined based 
upon the geometry of the workpiece. 

39. The system according to claim 38, wherein 
said prioritizing means comprises means for discounting an 
estimated cost of a bend having a high priority and 
increasing an estimated cost for a bend having a low 
priority, 

40. The system according to claim 1, further 
comprising determining means for determining the time 
needed for, and the feasibility of, producing one or more 
parts with the bending apparatus based upon the generated 
plan. 

41. The system according to claim 4 0, further 
comprising means for performing calculations of the cost of 
producing a given batch of the parts, based upon the time 
determined by said determining means. 

42. The system according to claim 40, further 
comprising means for redesigning the part based upon the 
time and feasibility determinations made by said 
determining means. 

43. The system according to claim 40, further 
comprising means for scheduling manufacturing with the 
bending apparatus depending upon the determined amount of 
time for producing one or more parts. 

44. In a computer having at least one processor 
and a memory, a method for selecting a gripper for holding 
a workpiece to be utilized by a bending apparatus for bending 
unfinished workpieces comprising sheets of malleable 
material, said method comprising: 

reading information describing the geometry of a 
library of gripper s to be chosen from; 

forming a set of available grippers excluding 
grippers that have certain undesired geometric features; and 
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choosing a gripper from the set of available 
grippers as a function of the width of the gripper, the 
length of the gripper, and the knuckle height of the gripper. 

45. The method according to claim 44, wherein 
the gripper comprises a gripper for holding the workpiece 
while loading and unloading the workpiece into and from a 
die space of the bending apparatus in order to perform 
bending operations. 

46. The method according to claim 45, further 
comprising: 

predicting, for each gripper within the set of 
available grippers, a repo number equal to an estimated 
number of times the bending apparatus will need to change 
the position at which the gripper is holding the workpiece 
in order to perform a complete sequence of bending 
operations on the workpiece; 

determining the smallest predicted repo number; and 
adjusting the set of available grippers to include 
the available grippers having a repo number equal to the 
smallest predicted repo number, before choosing a gripper 
as a function of the gripper 1 s width, length, and knuckle 
height . 

47. The method according to claim 44, wherein 
the gripper comprises a repo gripper for holding the 
workpiece while a robot changes its grip on the workpiece. 

48. The method according to claim 47, further 
comprising: 

constructing data representations of the respective 
intermediate shapes of the workpiece when repo operations 
are to be performed by said bending apparatus, and 
utilizing said intermediate shapes to determine which 
grippers are excluded from the set of available grippers, 
wherein grippers that cannot securely grasp the workpiece 
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considering all of the constructed intermediate shape 
representations are excluded from the set of available 
grippers . 

49. In a computer having at least one processor 
5 and a memory, a method for determining a gripper location 

which is a location on a malleable sheet workpiece at which 
a gripper can hold the workpiece while a bending apparatus 
performs an mth operation on the workpiece, the bending 
apparatus performing a sequence of operations, including 

10 said mth operation, in accordance with a bending plan, said 
sequence of operations comprising a sequence of bends from 
a first bend through an Nth bend, the shape of the 
workpiece changing to several intermediate shapes as said 
bending apparatus progresses through said sequence of 

15 bends, said method comprising: 

as i is varied to include a given plurality of 
operations in said sequence of operations leading up to and 
including said mth operation, forming a set of topographic 
representations by repeatedly generating, along edges of the 

20 workpiece, a graphic representation of areas on the workpiece 
within which the gripper location can be without hindering 
performance of an ith operation, taking into consideration 
the intermediate shape of the workpiece when said ith 
operation is performed; and 

25 determining the intersection of all the geographic 

representations within said set to thereby determine the 
areas common to said given plurality of operations in said 
sequence of operations. 

50. The method according to claim 49, wherein 
30 said mth operation comprises changing a robot's grip on the 

workpiece between bends in said sequence of bends. 
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51. The method according to claim 49, wherein 
said Mth operation comprises performing a bend within said 

sequence of bends. 

52. In a computer having at least one processor 
and a memory, a method for selecting tooling to be used in 
a bending apparatus for bending a workpiece comprising a 
sheet of malleable material, the tooling including at least 
a die and a punch, the bending apparatus performing, 
utilizing the selected tooling, a sequence of operations 
comprising a sequence of bends from a first bend through an 
Nth bend, said method comprising: 

reading information describing the geometry of a 
library of dies and punches; 

forming sets of feasible dies and punches excluding 
dies and punches that have an insufficient force capacity 
to bend the workpiece and that are incapable of forming 
desired bends in the workpiece resulting in desired bend 
angles and desired inside radii; and 

choosing an appropriate die and appropriate punch 
that most closely satisfies force, bend angle, and inside 
radii requirements, excluding punches that will likely 
collide with the workpiece as determined by failure of a 
geometric collision test. 

53. The method according to claim 52, wherein 
the geometric collision test is performed by modeling a 
finished 3D workpiece and, for each bend in the sequence of 
bends, aligning the modeled finished 3D workpiece between 
a model of each feasible punch and a model of a chosen die. 

54. In a computer having at least one processor 
and a memory, a method for determining a layout of tooling 
stages along a die rail of a bending apparatus, said bending 
apparatus being adapted to bend workpieces comprising sheets 
of malleable material, by performing a sequence of operations 
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comprising a sequence of bends from a first bend through an 

Nth bend, said method comprising: 

deciding on an arrangement of a plurality of stages 

along said die rail; 
5 calculating lateral limits based upon the amount by 

which the workpiece extends beyond a side edge of a tooling 

stage for the bends of said sequence of bends; 

determining a largest lateral limit for each side 

of each stage; and 
10 spacing adjacently arranged stages to have a gap 

between adjacent side edges that is greater than or equal 

to the larger of the determined largest lateral limits of 

the adjacent side edges. 

55. A system for generating a plan and for 
15 controlling a bending apparatus, the plan comprising a 

sequence of operations to be performed by the bending 

apparatus, the bending apparatus being adapted to bend 

workpieces comprising sheets of malleable material/ the 

sequence of operations comprising a sequence of bends, from 
20 a first through an Nth bend, for forming a finished 

workpiece from a stock sheet of malleable material, said 

system comprising: 

setup planning means for generating said sequence 

of bends and a setup subplan that includes information 
25 regarding the manner in which the bending apparatus is to 

be set up before commencing the first bend in said sequence 

of bends; 

forwarding means for forwarding said setup subplan, 
once generated, to signalling means for signalling 
30 commencement of setup operations to be performed in 
accordance with said setup subplan; and 

finalize means for generating detailed subplan 
information to complete said plan after said setup subplan 
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has been generated, at least part of said detailed subplan 
information being generated after the commencement of setup 
operations has been signalled by said signalling means. 

56. The system according to claim 55, wherein 
said setup subplan comprises information regarding a layout 
of tooling stages. 

57. The system according to claim 55, wherein 
said setup subplan comprises information regarding tooling 
die and punch profiles to be utilized in said bending 
apparatus . 

58. The system according to claim 55, wherein 
said setup subplan comprises positions of tooling stages 
along a die rail of said bending apparatus. 

59. The system according to claim 55, wherein 
said setup subplan comprises information regarding what 
type of gripper to use for manipulating the workpiece 
through the bend sequence. 

60. The system according to claim 55, wherein 
said setup subplan comprises information regarding what 
type of repo gripper to use for holding the workpiece while 
a gripper changes its grasp on the workpiece inbetween 
bends of the bend sequence. 

61. The system according to claim 55, wherein 
said forwarding means comprises means for forwarding 
instructions to a sequencer module comprising means for 
directing the performance of automated setup operations on 
said bending apparatus. 

62. The system according to claim 55, wherein 
said forwarding means comprises means from creating a visual 
representation of setup operations to be performed on the 
bending apparatus so that a human operator can thereby 
perform setup operations. 
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63, A system for performing setup operations on 
a bending apparatus so that the bending apparatus can be 
utilized to perform bending operations on workpieces 
comprising sheets of malleable material/ the bending 
5 apparatus comprising a die rail, a tool punch holding 
mechanism, and one or more tooling stages, each tooling 
stage comprising a die mounted on said die rail and a tool 
punch held by said punch holding mechanism, said system 
comprising: 

10 means for receiving information regarding a location 

of each of said one or more tooling stages along said die 
rail; and 

control means for controlling a position of a guide 
member along at least one of said die rail and said tool 
15 punch holding mechanism based upon the received information 
so that at least one of said die and said tool punch can be 
aligned with reference to said guide member so that the 
resulting tooling stage will be at a desired location along 
said die rail. 

20 64. The system according to claim 63, wherein 

said control means comprises means for positioning said 
guide member to be at a specified position along said die 
rail and to be within a certain distance from the die rail, 
whereby a die of a tooling stage to be aligned can be 

25 abutted against said guide member in order to properly 
position the tooling stage along the die rail. 

65. The system according to claim 63, wherein 
said guide member comprises a backgage finger of a 
mechanism for performing backgaging when loading a 

30 workpiece into the bending apparatus. 

66. A system for executing a plan for 
controlling a bending apparatus for bending workpieces 
comprising sheets of malleable material, the plan 
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comprising a sequence of operations to be performed by the 
bending apparatus, said system comprising: 

sensor-based control means for performing 
an operation, including moving a workpiece from one 
5 position to another, with said bending apparatus utilizing 
a sensor output to modify the movement of the workpiece; 

measuring means for measuring an amount by 
which the movement of the workpiece was modified due to the 
sensor output; and 

10 learned control means for performing said 

operation, including moving the workpiece from one position 
to another, without modifying the movement of the 
workpiece utilizing a sensor output, said learned control 
means controlling performance of said operation based upon 

15 the amount measured by said measuring means. 
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(57) Abstract 



An intelligent sheet metal bending system is disclosed, having a cooperative generative planning system. A planning module interacts 
with several expert modules to develop a bending plan. The planning module utilizes a state-space search algorithm. Computerized methods 
m P TOVidcd for Meeting a robot gripper and a repo gripper, and for determining the optimal placement of such grippers as they are holding 
a workpiece being formed by the bending apparatus. Computerized methods are provided for selecting tooling to be used by the bending 
apparatus, and for determining a tooling stage layout An operations planning method is provided which allows the bending apparatus to 
be set up concurrently while time-consuming calculations, such as motion planning, are performed. An additional method or system is 
provided for positioning tooling stages by using a backgage guide member which guides placement of a tooling stage along the die rail 
of the bending apparatus. A method is provided for learning motion control offset values, and for eliminating the need for superfluous 
sensor-based control operations once the motion control offset values are known. The planning system may be used for facilitating functions 
such as design and assembly system, which may perform designing, costing, scheduling and/or manufacture and assembly. 
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